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Series Preface

 

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

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

 

Ira Wolinsky, Ph.D.

 

University of Houston
Series Editor

 

0927_FM_frame  Page 5  Friday, March 22, 2002  9:57 AM



 

0927_FM_frame  Page 6  Friday, March 22, 2002  9:57 AM



 

Preface

 

This volume is part of a miniseries within the CRC Series on Nutrition and
Sport, which comprises comprehensive books on subjects of timely interest
for sports nutritionists of all walks in the expanding field of sports nutrition,
written by competent editors and authors who are well known in their fields.
The series includes monographs, edited volumes, and textbooks. This vol-
ume focuses on assessment of athletes, with an emphasis on nutrition. The
first section, dealing with dietary assessment, is followed by sections on
anthropometric, physical activity needs, biochemical and clinical. We have
been gratified at the response to our books — it is difficult to find such a
trove of information on the subject in one place. Sports nutritionists, sports
medicine and fitness professionals, researchers, students, health practitioners
and the educated layman will find this book timely and useful.

Companions to this book are four other volumes in this miniseries: Sports
Nutrition: Vitamins and Trace Elements; Macroelements, Water and Electro-
lytes in Sports Nutrition; Energy-Yielding Macronutrients and Energy
Metabolism in Sports Nutrition; and Nutritional Applications in Exercise
and Sport. Additionally useful will be Nutrition in Exercise and Sport, Third
Edition, edited by Ira Wolinsky, and Sports Nutrition, authored by Judy
Driskell.

 

Judy A. Driskell, Ph.D., R.D.

 

University of Nebraska

 

Ira Wolinsky, Ph.D.

 

University of Houston
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Dedication

 

This book is dedicated to all of our current and former students, who continue to 

stimulate our thinking and renew our dedication.
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ízková 

 

7

 

Anthropometry of Adult Athletes: Concepts, Methods 
and Applications ......................................................................... 135

 

Robert M. Malina, Rebecca A. Battista and Shannon R. Siegel

 

8

 

Body Composition and Gender Differences in 
Performance ................................................................................. 177

 

Samuel N. Cheuvront, Robert J. Moffatt and Keith C. DeRuisseau

 

0927_FM_frame  Page 17  Friday, March 22, 2002  9:57 AM



 

Section Four Physical Activity Needs Assessment of
Athletes

9

 

Laboratory Methods for Determining Energy 
Expenditures of Athletes ........................................................... 203

 

Robert G. McMurray

 

10

 

Field Assessment of Physical Activity and Energy 
Expenditure among Athletes ..................................................... 225

 

Michael J. LaMonte and Barbara E. Ainsworth

 

Section Five Biochemical Assessment of Athletes

11

 

Assessment of Lipid Status in Athletes................................... 259

 

Scott A. Lear and Gregory P. Bondy

 

12

 

Assessment of Protein Status in Athletes................................ 283

 

Stuart M. Phillips

 

13

 

Assessment of Vitamin Status in Athletes .............................. 317

 

Helena B. Löest and Mark D. Haub

 

14

 

Assessment of Mineral Status in Athletes .............................. 339

 

Henry C. Lukaski

 

Section Six Clinical Assessment of Athletes

15

 

Clinical Assessment of Athletes ............................................... 373

 

Khursheed N. Jeejeebhoy

 

16

 

Summary — Nutritional Assessment of Athletes................... 387

 

Judy A. Driskell and Ira Wolinsky

 

Index ..................................................................................................... 395

 

0927_FM_frame  Page 18  Friday, March 22, 2002  9:57 AM



 

Section One

 

Introduction

 

0927_C01_frame  Page 1  Thursday, March 21, 2002  1:33 PM



 

0927_C01_frame  Page 2  Thursday, March 21, 2002  1:33 PM



 

3

 

0-8493-0927-1/02/$0.00+$1.50
© 2002 by CRC Press LLC

 

1

 

Introduction to Nutritional Assessment 

 

of Athletes

 

Robert J. Moffatt and Samuel N. Cheuvront

CONTENTS

 

I. Introduction..................................................................................... 3
II. The Practice of Sports Nutrition ................................................... 4

A. An Emerging Field of Study .................................................... 4
B. Roles and Responsibilities ........................................................ 5

III. Nutritional Assessment of Athletes: A Unique Set 
of Challenges................................................................................... 6
A. Energy Requirements for Exercise ........................................... 6
B. Anthropometry and Weight Control Issues ............................ 8
C. Evaluation of Biochemical and Clinical Physiology ............ 10

IV. Summary........................................................................................ 10
References ............................................................................................... 11

 

I. Introduction

 

Nutritional interest in special populations is the very basis of modern dietary
guidelines and nutrient standards. Many of the first scientific investigations
into the food requirements of man were shaped largely by the compulsion
to understand his nutrient needs and to maintain the health and working
capacity of soldiers, industrial workers and agricultural laborers of the late
19th and early 20th centuries.

 

1

 

 Importantly, in conjunction with research-
based recommendations, was the desire for rational nutrition education.

 

1

 

Ironically, the explosion of research interest in nutrition and physical activity
(sports nutrition) over the past two decades is still predicated on the desire
to advance health and work performance, while simultaneously opposing
persistent and pervasive nutrition myth. Athlete healthcare, training, diet
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and education are accomplished best by an interdisciplinary team of sports
medicine practitioners, including physicians, athletic trainers, exercise and
nutrition scientists and dietitians.

 

II. The Practice of Sports Nutrition

 

A. An Emerging Field of Study

 

A credible “sports nutritionist” is a registered dietitian (R.D.), usually with
advanced preparation in exercise sciences, particularly exercise physiology.
These individuals work with recreational sports enthusiasts, high school,
collegeor professional sports coaches, trainers and, of course, athletes. In the
narrowest sense, their role is to optimize health and athletic performance
through sound dietary intervention. Although registered dietitians are
trained food and nutrition experts capable of a broad range of professional
duties, specific “sports” education and training are not classical components
of their education.

 

2

 

 Sports nutrition is one nontraditional facet of the dietetic
profession that requires a substantial working knowledge of exercise science
and a sincere interest in sport. Traditionally, dietitians intent on practicing
sports nutrition advanced their education in the exercise sciences and sought
experience working patiently with athletes, coaches and trainers.

 

3

 

 Similarly,
scientists trained in the dual disciplines of exercise physiology and nutrition,
public health or closely related fields, practice the science of “sports nutri-
tion” and advance our understanding of this science through teaching,
research and reliable publication.

Only recently have graduate programs evolved to meet this demand. The
first American university to offer a distinguishable academic graduate
degree in sports nutrition was Florida State University.

 

4

 

 In 1987, its program
was the first to offer a shared degree in sports nutrition through the combined
efforts of the departments of Nutrition and Food Sciences and Movement
Science and Physical Education. Later (1989), through a merger of those
departments, Florida State became the first to offer one unique interdiscipli-
nary program in sports nutrition (Department of Nutrition, Food and Exer-
cise Sciences). Other universities later organized their programs in a similar
manner (e.g., Virginia Tech and San Diego State), but most remain a coordi-
nated effort between separate traditional nutrition and exercise science pro-
grams (Table 1.1). Currently, 21 universities in the United States offer
interdisciplinary graduate programs in sports nutrition. In addition, 15 of
the 21 universities listed (Table 1.1) also offer a coordinated dietetic intern-
ship, thus facilitating both the training and credentialing (R.D.) of sports
nutrition scientists and sports nutritionists, respectively.

 

4

 

 Other valid ave-
nues of nutrition and sport enlightenment also coexist. The American Die-
tetic Association (ADA) fosters the communication of sports nutrition
through its practice group SCAN (Sports, Cardiovascular and Wellness
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5

Nutritionists). The American College of Sports Medicine (ACSM), in addition
to its recognized certifications in exercise, now offers a certificate of enhanced
qualification (CEQ) in nutrition and exercise as a means of providing valid
information and experience to other members of the sports medicine team
with typically little formal nutrition training.

 

2

 

 The sports nutrition informa-
tion exposure, ranging from applied certifications to graduate degrees and
specializations, is an important and recognized component of the coordi-
nated interdisciplinary approach to athlete healthcare.

 

5,6,7

 

B. Roles and Responsibilities

 

The importance of nutrition in health and sport, although extremely well
documented, has often met with resistance in practice. Instead, the search
for a competitive edge has historically rested on highly suspect nutritional
manipulations, dietary fads and ritualistic beliefs by athletes. In multiple
sports, athletes from recreational, collegiate and professional ranks score
poorly on nutritional knowledge surveys. Those athletes list magazines,
coaches and other athletes as their primary sources of nutrition informa-
tion.

 

2,8

 

 Unfortunately, many coaches also rely on popular magazines and
rarely consult an R.D. for dietary guidance.

 

2

 

 The introduction of a reliable
and sophisticated nutritional presence into the athletic arena has met with
some success in hockey,

 

9

 

 basketball,

 

10

 

 and collegiate sports,

 

11

 

 but most of all

 

TABLE 1.1

 

Higher Education in Sports Nutrition

 

4

 

University
Graduate 
Degree

Training/
Specialization

 

Auburn University

 

×

 

California State Polytechnic University, Pomona

 

×

 

Colorado State University

 

×

 

East Carolina University

 

×

 

Florida State University

 

×

 

Georgia State University

 

×

 

Indiana University of Pennsylvania

 

×

 

Long Island University, C.W. Post Campus

 

×

 

Marywood University

 

×

 

Pennsylvania State University

 

×

 

Saint Louis University

 

×

 

San Diego State University

 

×

 

Simmons College

 

×

 

Texas Woman’s University

 

×

 

University of Alabama, Birmingham

 

×

 

University of Connecticut

 

×

 

University of New Mexico

 

×

 

University of North Carolina, Chapel Hill

 

×

 

University of Texas, Austin

 

×

 

University of Utah

 

×

 

Virginia Polytechnic Institute and State University

 

×
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in American football.

 

12

 

 According to Soliah,

 

12

 

 71% of professional American
football teams employ at least the part-time services of a dietitian for menu
planning, nutrition adviceor both. A survey

 

13

 

 conducted with sports nutri-
tionists in 1993 indicated that most had been working with athletes for less
than 6 years, corroborating the approximate infiltration of sports nutrition
into the general university curriculum in the mid 1980s. The majority also
reported that 40% or less of their professional time was spent working as a
sports nutritionist.

 

13

 

 Clearly, athletes rely on other members of the sports
medicine team for nutritional consultation. In fact, trainers and coaches
reportedly provide the remaining 29% of nutrition services in the National
Football League

 

12

 

 and very often act in this capacity at the collegiate level
too, despite little or no formal nutrition training.

 

2,5,8

 

 Communication across
professional disciplines within the sports medicine team is therefore crucial
to maximizing athlete health and performance.

The members of the sports medicine team are responsible for integrating
their individual areas of expertise with the best interest of the athlete’s health
and well-being as the cornerstone of safe and effective training and compe-
tition. The nutritional assessment of athletes requires detailed attention to
and evaluation of, dietary adequacy, energy intake, energy expenditure,
body composition and the effects of modest and extreme training on normal
clinical physiology. Only a cohesive sports medicine healthcare team can
properly provide these services.

 

7,14

 

 Furthermore, although the need for
exceptional sports medicine services between both novice and professional
athletes is similar, personnel, techniques and resources vary greatly

 

5

 

 and all
methodologies are not created equal.

 

III. Nutritional Assessment of Athletes: 
A Unique Set of Challenges

 

A. Energy Requirements for Exercise

 

Regarding both health and performance, it is generally agreed that the number
one priority in the nutritional care of athletes concerns the maintenance of
energy balance.

 

15,16

 

 The newly revised U.S. Dietary Guidelines

 

17

 

 includes
among its recommendations similar advice for all Americans. When putting
these guidelines into practice, the USDA’s Food Guide Pyramid is represen-
tative of an eating strategy that adequately helps to meet these goals as well
as those of the recommended dietary allowances (RDAs) and dietary reference
intakes (DRIs).

 

18

 

 However, a closer look at Tables 1.2 and 1.3 shows immedi-
ately the special nature of training athletes’ nutritional needs. Specifically, they
must eat more. In this example, data collected on 323 Ironman Triathlon
participants

 

19

 

 were analyzed so that weekly training mileage in swimming,
cycling and running were computed into a “daily average” of training activity.
The intensities were taken directly from the same reference and appropriate
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MET values

 

20

 

 (a single MET is equivalent to the amount of energy expended
during 1 minute of rest) applied to estimate energy expenditure. The remain-
der of the day’s calorie needs were calculated the same way, using MET
values for the rest of a “normal,” but largely sedentary day (Table 1.2). At
the upper end of the Food Guide Pyramid serving number suggestions,

 

21

 

the athlete in question would satisfy a little more than half of his or her

 

TABLE 1.2

 

Hypothetical Daily Energy Needs of an Ironman Triathlete

 

19

 

 in Training

 

Activity METS

 

20

 

Duration
(h)

Energy Expenditure 
(kcal)

 

20

 

Sleep 0.9 8.0 540
Office work 1.5 8.0 900
Running (7.5 mph)* 13.5 0.8* 810
Swimming (2 mph)* 8.0 0.5* 318
Bicycling (18.6 mph)* 12.0 1.7* 1,530
Home activities (e.g. cooking,
washing dishes, etc.)

2.5 3.0 563

Miscellaneous activities (reading
newspaper, talking on phone, etc.)

1.3 2.0 195

 

4,856

 

* Based on data presented in Reference 19. Energy expenditure calculated from Ref-
erence 20 as: (METS 

 

×

 

 75 kg body weight 

 

×

 

 hours of activity = kcal)

 

TABLE 1.3

 

The Food Guide Pyramid and the Ironman Triathlete in Training

 

Food Groups Recommended Servings

 

21

 

Knowledge & Personalization*

 

Bread, cereal, rice & 
pasta

6 9 11 20 – thick crust pizza vs. thin and 
other simple strategies

Fruits 2 3 4 8 – add fruit juice to maximize 
fluid and carbohydrate intake 
and minimize adding too much 
fiber

Vegetables 3 4 5 6 – emphasize additional servings 
of starchy vegetables

Meat, poultry, fish, dry 
beans, eggs & nuts

2 2–3 3 4 – add dry beans to increase both 
protein and carbohydrate intake

Milk, yogurt & cheese 2 2 3 5 – add flavored milk (e.g. 
chocolate) to increase fluid and 
total energy intake

Other (fats, oils & 
sweets)

sparingly sparingly sparingly Liberal use – includes soft drinks, 
sports drinks, sports bars, jelly, 
honey, margarine, etc.

Total kcal ~1,600 ~2,200 ~2,800 ~4,800

 

* Needs of sport should not supersede balance and variety. Recommendations must include
calculations for relative carbohydrate (~7g/kg)

 

15 

 

and protein (~1.3g/kg)

 

22

 

 requirements of
endurance sport, snacking strategies, timing of meals/workouts, food preferences and
much more.
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energy needs (Table 1.3). Furthermore, a simple doubling of the recommended
portions or number of servings grossly neglects the reality of consuming 4800
kcal of energy from whole foods. The nutrition expert knows, for example,
that added fat and fiber increases dietary bulk, slows gastric emptying,
increases intestinal bloating and may therefore interfere with training sched-
ules and general comfort. At the same time, there is no denying the endurance
athlete’s greater need for protein,

 

22

 

 carbohydrates

 

15

 

 and fluid.

 

23

 

 Furthermore,
the nutritional needs of athletes must be sport-specific and individualized.

 

8

 

Woven within this framework of dietary consultation are general, but ever-
present, variables such as lifestyle (money, living situation, access to groceries
and kitchen, food preparation skills, etc.), travel (especially college and pro-
fessional sports), as well as simple convenience, normal food preferences and
medical conditions (food allergies, lactose intolerance, eating disorders, dia-
betes, etc.). A more elaborate and encompassing treatise on the global nutri-
tional needs of athletes and specific sports can be found elsewhere.

 

8,16

 

However, it is obvious that the athlete can indeed be a formidable challenge
to feed.

While the concept of achieving energy balance is simple from a thermody-
namic perspective, the tools with which we can estimate energy balance are
at once sophisticated and rudimentary. This is especially true of estimating
energy intake, which, unless observed and quantified, is usually left to the
subjective recall of the athletes, who are entrusted to remember, accurately
estimate and document their food intake using some form of diet record. Even
when athletes practice the most conscientious recall, the usefulness of dietary
surveys varies based on the dietary constituent of interest, monitoring tech-
nique (24-h recall, food frequencies, diet records) and seasonal changes in
training and eating, not to mention the natural limitations imposed by esti-
mation techniques, subject compliance and more.

 

8,24

 

 In fact, the very act of
measuring food intake may alter subject dietary practices, thus challenging
the accuracy of the results obtained. On the opposite spectrum, energy expen-
diture can be very accurate when measured in a controlled laboratory by
indirect calorimetry, but becomes more difficult in the field as it may be equally
cumbersome (portable metabolic systems), potentially more expensive (dou-
bly labeled water) or extremely limited by the simplicity of the technique
(pedometer, accelerometer, heart rate and activity records) or the particular
circumstance involved (e.g., swimming).

 

25

 

 What does remain is also the defin-
itive assessment of energy balance and control afforded by the measurement
of fluctuations in body weight and body composition.

 

B. Anthropometry and Weight Control Issues

 

The relationships between diet and exercise and weight control are so closely
linked that the latter is often used as a validation of balance in the former.
Body weight itself is, of course, a poor indicator of the need for weight gain
or loss. The desire of many athletes to alter their body weights must be
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evaluated on the basis of the potential for such changes to impact health and
performance. This is not a simple matter. What constitutes an appropriate
body weight for health and performance depends on the athlete’s sport,
gender, age, natural genetic predisposition and other potentially unforeseen
and influential factors (social, psychological).

 

16

 

 Competition in weight class
(wrestling, martial arts, boxing, weight lifting) and judged (ice skating, gym-
nastics, diving, body building, dance) sports complicates the distinction that
must be made between what is realistic and healthy versus what will bring
success in “making the cut.” The importance of a valid, reliable and mean-
ingful assessment of body composition is therefore imperative as one tool
in the healthcare professional’s repertoire against undesirable, but common,
weight change practices used by athletes.

A comprehensive index of optimal or ordinary body composition values
for men and women in various sports is an excellent starting point in the
assessment of athletes’ desire to change their body composition for health
or, more typically, performance reasons. It is imperative, however, that the
limitations of the methods usually employed in measuring body composition
be completely understood, lest the results do more harm than good. The
range of techniques available to assess body composition vary greatly from
expensive and technologically advanced devices such as dual energy x-ray
absorptiometry (DEXA) that provide a sophisticated multi-compartmental
analysis of body composition to inexpensive and simple instruments (skin-
fold calipers) that allow the differentiation of fat mass from nonfat mass only.
The latter methodology is the more common two-component model of body
composition assessment that relies primarily on the skill of the technician
and the validity of assumptions underlying the equations used for the cal-
culation of body fat.

Two of the most common field methods for measuring athlete body com-
position in mass are skinfold and bioelectrical impedance analysis (BIA).
Both techniques, when done properly and under ideal circumstances, pro-
vide results that are within 3% of “gold standards” like hydrostatic weighing
and DEXA.

 

26,27

 

 However, even when carried out according to procedure,
measurement error may exceed this acceptable range of values. For example,
the Siri Equation

 

28

 

 is used to derive body fat from body density measure-
ments. This equation assumes constant values for the density of lean and fat
mass within a static population (white males ages 19–55 yrs).

 

27

 

 Heyward

 

27

 

has pointed out the need for adjustment in this equation based on age and
ethnicity (population-specific equations). Without this adjustment, addi-
tional measurement error is introduced. More drastically, BIA requires that
several conditions (hydration, posture, food intake, exercise) be controlled
for accurate analysis. This can be an extremely challenging prerequisite for
athletes in training. Although an athlete may follow instructions as stated,
many athletes are chronically dehydrated, especially when training in hot
climates or intentionally reducing body water for sport (e.g., wrestling).

 

29–31

 

Accordingly, several authors

 

32,33 

 

conclude that BIA is not a valid means of
body composition assessment when alterations in hydration state (hyperhy-
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dration or hypohydration) are imposed or expected. Ordinary factors such
as training, acclimatization, the common mismatch between exercise fluid
loss and fluid intake, intentional dehydration for weight control and men-
strual cycle phase as well as less common influences like glycerol
consumption

 

32 

 

or creatine supplementation

 

34 

 

can each uniquely affect body
water content. Therefore, the choice and rationale for any given method of
body composition assessment must be given careful consideration in addi-
tion to the common constraints of cost and convenience.

 

C. Evaluation of Biochemical and Clinical Physiology

 

Significant biological evidence supports the fact that athletes in particular
sportsor often in general, are susceptible to changes in clinical physiology
that may or may not be harmful, but are certainly abnormal with respect to
more sedentary individuals. Perhaps the most widespread example of how
diet and exercise may interact to confound the nutritional assessment of
athletes is in the case of sports hematology. Stage III iron deficiency anemia
is characterized, among other measures, by low blood hemoglobin concen-
trations.

 

35 

 

In hemoglobin, iron is the active element that binds oxygen. There-
fore, a blood hemoglobin concentration below the limits of “normal” is one
index of poor iron status and negatively impacts performance due to the
central role of hemoglobin in oxygen transport. Iron supplementation in this
condition will improve hemoglobin values when the cause is poor dietary
iron intakes, iron losses (foot strike hemolysis, gastrointestinal bleeding,
menstrual losses) or both.

 

36 

 

However, Shaskey and Green

 

37

 

 point out that the
pseudoanemia concomitant to exercise training and plasma volume expan-
sion mimics iron deficiency anemia by diluting the concentration of hemo-
globin present. In fact, this phenomenon is associated with no change or an
expansion in mean red cell volume (MCV), thus having no adverse effect on
performance and requiring only recognition rather than treatment.

 

37

 

Table 1.4 is a sample summary of selected clinical and biochemical indices
that may be affected by the diet and training practices of athletes. It is
important to recognize that gender (females) and sport-specificity (weight-
conscious sports, ultradistance endurance sports) are often hallmark corre-
lates with potential clinical anomalies like anemia and osteopenia

 

36

 

 or
hyponatremia,

 

38

 

 while susceptibility to other problems such as dehydration

 

29,

30

 

 and compromised immunity

 

39

 

 are more generalized. Finally, the ever-
changing use of dietary supplements must also be investigated for the poten-
tial of some

 

34

 

 to alter expected clinical laboratory results.

 

IV. SUMMARY

 

According to Tipton,

 

14

 

 the influence of sports medicine as a whole on athletic
achievement has been noticeable and important only since the 1970s. This is
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explained, in part, as the “… collective effects of a lack of the necessary critical
mass in scientific information, a dearth of qualified and dedicated personnel,
absence of professional organizations, [and] a reluctance to change social and
cultural customs….”

 

14

 

 Although progress toward the present and future shows
undeniable growth and promise, the greatest benefit to athletes will achieve
the necessary “critical mass” only when the sports medicine profession suc-
cessfully integrates the knowledge and skill of a multidisciplinary athlete
healthcare team. The nutritional assessment of athletes represents one signif-
icant challenge that is best accomplished by a diverse group of qualified
medical, nutritional, exercise and sports oriented professionals.
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I. Introduction

 

This chapter deals with three fundamental aspects of estimating the food
and nutrient intakes of athletes:

1. General considerations in gathering food intake data
2. Special considerations in gathering food intake data from athletes
3. Converting food intake data to nutrient intake estimates

A comprehensive review of all aspects of dietary assessment methodology
is beyond the scope of this chapter, but many good methodologic guides
and reviews have been published.

 

1-4

 

 Our goal is to provide nutritionists and
other health professionals with practical guidance about the special issues
they are likely to encounter in assessing the diets of athletes. We assume that
the goal of estimating food and nutrient intakes of athletes is to evaluate the
nutritional status of individuals. The dietary assessment methods discussed
here apply to individuals who are able to record their own food intakes or
recall them accurately. Generally, this includes adults and adolescents but
not younger children, who may not be able to either record or recall what
they eat.

 

5-7

 

The steps in nutritional status assessment, from gathering data on food
consumption to coding these data and converting them to estimates of nutri-
ent intake, are interdependent. The accuracy of dietary assessment depends,
first, on obtaining high-quality records of food consumption. Accurate and
consistent coding is second only to primary data collection in determining
the quality of dietary assessment. Nutrient analysis software simplify some
coding and analysis tasks but the most expensive and elaborate software
will not compensate for poor data or poor coding.

 

II. Methods of Assessing Food Intake

 

First, health professionals should consider the purpose of the data collection
and decide what information they really need. To determine knowledge, atti-
tudes, or beliefs about nutrition among athletes, short questionnaires may be
adequate. However, clinical assessment of nutritional status, counseling about
dietary practices, supporting peak performance or conducting research into
the associations between nutritional status and performance require detailed
and accurate food intake data. This is, unavoidably, a time-consuming and
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labor-intensive undertaking. Second, recognize that there is no ideal method
for collecting food intake data. All methods have advantages and disadvan-
tages and all methods require commitment and effort from professionals and
their clients.

The most accurate way to determine the nutrient content of the diet is to
prepare two portions of everything, one to be eaten and one to be set aside
for laboratory analysis, but this is rarely done outside of metabolic ward
research. In most circumstances, professionals must rely on clients to report
what they eat. There are broadly three methods of collecting food intake
data. The first is direct recording, usually by the person consuming the food.
The second is by recall, in which a client is asked to recall each food or
beverage consumed in a specified period — usually 24 hours — before the
interview. The third is by gathering data on the frequency of consuming a
list of foods. There is a combined method, originally called the “diet history”
by Bertha Burke,

 

8

 

 that includes three stages:

1. A detailed interview about usual eating patterns, sometimes cen-
tered on a 24-hour recall and how usual patterns deviate from that
recall

2. A food frequency checklist
3. A 3-day diet record

Burke’s diet history remains the most comprehensive method to evaluate
dietary intakes but it is seldom undertaken because of the client burden and
the need for substantial time investment of skilled staff to elicit and evaluate
the data.

 

A. Diet Records

 

Diet records, also called food diaries, are recorded on a form with one line
for each food or beverage consumed and columns for portion size, prepara-
tion method if applicable and additions of dressing or condiments at the
table (Table 2.1). Additional columns are usually included for the time and
place of consumption and other comments that may be useful in evaluating
dietary patterns. Each item consumed can be weighed, measured with house-
hold utensils or quantified by reference to common objects (e.g., a portion
of cooked meat the size of a deck of cards weighs about 3 ounces or 85
grams). Nutrient content of the diet is estimated by coding diet records and
entering the data into a nutrient analysis software that links the foods and
portions reported to a nutrient content database (see section IV).

Keeping diet records minimizes forgetting foods and beverages and max-
imizes the detail available about items, particularly if clients make entries
as foods and beverages are consumed. The ability to measure portions is a
major advantage of the diet record method because reconstructing portion
sizes in a recall interview can be difficult. Nevertheless, there are many

 

0927_C02_frame  Page 19  Thursday, March 21, 2002  1:35 PM



 

20

 

Nutritional Assessment of Athletes

 

TA
B

LE
 2

.1
 

 

Sa
m

pl
e 

B
as

ic
 D

ie
t 

R
ec

or
d

in
g 

Fo
rm

 

T
im

e
P

la
ce

/
S

ou
rc

e
Fo

od
: D

et
ai

le
d

 
D

es
cr

ip
ti

on
 

A
m

ou
n

t
P

re
p

ar
at

io
n

 
M

et
h

od
 

C
on

d
im

en
ts

C
om

m
en

ts
*

 

7 
a.

m
.

H
om

e
Fr

os
te

d
 fl

ak
es

3/
4 

cu
p 

(4
2 

g)
R

ev
ie

w
er

 g
et

 b
ra

nd

W
hi

te
 s

ug
ar

2 
ts

p(
8 

g)
M

ilk
1 

cu
p(

24
4 

g)
R

ev
ie

w
er

: w
ho

le
, 2

%
,1

%
, s

ki
m

?
N

oo
n

C
af

et
er

ia
V

eg
et

ar
ia

n 
la

sa
gn

e
3"

 x
 3

" 
x 

1.
5"

(2
98

 g
)

A
d

d
ed

 s
al

t 
an

d
 

pe
pp

er
C

od
er

 a
sk

 f
oo

d
 s

er
vi

ce
 f

or
 r

ec
ip

e

So
ft

 d
ri

nk
, r

eg
ul

ar
 

12
 o

z 
ca

n 
(3

36
 g

)
R

ev
ie

w
er

 g
et

 b
ra

nd

L
et

tu
ce

 s
al

ad
1.

5 
cu

p 
(7

8 
g)

T
ho

us
an

d
 Is

la
nd

 
d

re
ss

in
g

R
ev

ie
w

er
 p

ro
be

 f
or

 d
re

ss
in

g 
br

an
d

, 
am

ou
nt

, r
eg

ul
ar

/
lo

w
 f

at
3 

p.
m

.
C

of
fe

e 
sh

op
D

ec
af

 la
tt

e 
w

it
h 

sk
im

 
m

ilk
x-

la
rg

e
R

ev
ie

w
er

 g
et

 v
en

d
or

 n
am

e.
 C

od
er

 c
al

l 
ve

nd
or

 f
or

 v
ol

um
e 

of
 x

-l
ar

ge
 a

nd
 

pr
op

or
ti

on
 o

f 
m

ilk
C

ho
co

la
te

 f
ro

st
ed

 
bi

sc
ot

ti
C

od
er

 c
al

l v
en

d
or

 f
or

 s
iz

e 
an

d
 o

th
er

 
in

fo
rm

at
io

n 
on

 b
is

co
tt

i
6:

30
 p

.m
.

H
om

e
Fr

oz
en

 p
ea

s 
w

it
h 

bu
tt

er
 

sa
uc

e
2/

3 
cu

p 
(1

06
 g

)
m

ic
ro

w
av

ed
R

ev
ie

w
er

 g
et

 b
ra

nd

G
ar

lic
 b

re
ad

2 
sl

ic
es

 (8
4 

g)
to

as
te

d
 in

 
ov

en
B

ut
te

r 
an

d
 g

ar
lic

R
ev

ie
w

er
 g

et
 s

iz
e 

of
 s

lic
e 

an
d

 a
m

ou
nt

 o
f 

bu
tt

er
 p

er
 s

lic
e

L
ef

to
ve

r 
ro

as
t 

be
ef

3”
x5

”x
1/

3”
 

(8
5 

g)
m

ic
ro

w
av

ed
Sa

lt
, p

ep
pe

r, 
ke

tc
hu

p 
R

ev
ie

w
er

 a
sk

 a
bo

ut
 tr

im
m

in
g 

vi
si

bl
e 

fa
t o

n 
be

ef
, g

et
 a

m
ou

nt
 o

f 
ke

tc
hu

p
10

 p
.m

.
H

om
e

C
ho

co
la

te
 ic

e 
cr

ea
m

2 
cu

ps
 

(2
66

 g
)

R
ev

ie
w

er
 g

et
 b

ra
nd

 a
nd

 o
th

er
 s

pe
ci

fi
cs

 
ab

ou
t 

ic
e 

cr
ea

m

 

*I
te

m
s 

in
 C

om
m

en
ts

 c
ol

um
ns

 in
d

ic
at

e 
in

fo
rm

at
io

n 
to

 b
e 

el
ic

it
ed

 b
y 

th
e 

d
ie

ti
ti

an
 w

ho
 r

ev
ie

w
s 

th
e 

fo
od

 r
ec

or
d

 w
it

h 
th

e 
cl

ie
nt

 o
r 

by
 t

he
 c

od
er

 w
ho

 e
nt

er
s

th
e 

fo
od

 r
ec

or
d

 in
to

 t
he

 n
ut

ri
ti

on
al

 a
na

ly
si

s 
so

ft
w

ar
e.

G
ra

m
 w

ei
gh

t 
eq

ui
va

le
nt

s 
ar

e 
gi

ve
n 

in
 p

ar
en

th
es

es
.

 

0927_C02_frame  Page 20  Thursday, March 21, 2002  1:35 PM



 

Estimation of Food and Nutrient Intakes of Athletes

 

21

potential sources of error in diet records. Clients must be motivated to keep
detailed records and to provide all the information needed to analyze the
records accurately. The food must be specified in sufficient detail to be
matched unambiguously to an item in the nutrient content database, the
portion sizes must be specified in units that correspond to those in the
database and preparation methods that have nutritional implications must
be specified. If clients prepare their own food, they should be taught to record
brand names, package information, all the details of preparation methods,
condiments added at the table, portion sizes consumed and plate waste
(trimming of meats, removing poultry skin, etc.).

 

4

 

 If clients eat in dining halls
or at training tables, recipes and details about ingredients used in the kitchen
are probably available.

Not all clients are sufficiently motivated, knowledgeable about the food
they eat, literate, or numerically inclined enough to keep accurate and
detailed records. Some detail may be recovered by reviewing diet records
with clients when they are submitted (Table 2.1).

 

4

 

 Investigators have tried
having children and adults of low literacy keep food records with tape
recorders, with uneven success.

 

9-11

 

Clients may change their usual eating habits or misrepresent true con-
sumption because they know someone will be evaluating their intakes. The
process of keeping records may make clients conscious of what they eat and
thus lead them to inadvertently change their usual consumption patterns so
that even the most accurate record may not reflect typical intakes.

 

B. 24-Hour Diet Recall Interviews

 

The goal of the 24-hour recall interview is to obtain detailed information on
all the foods and beverages consumed in the 24 hours before the interview.
A trained interviewer, ideally a dietitian, interviews clients using a standard-
ized protocol that incorporates systematic probes to elicit a complete list of
all items consumed and a detailed description of each item. To carry out
appropriate probing, the interviewer must be knowledgeable about local
foods and about food preparation techniques.

In the past, recall interviews were recorded on forms similar to those used
for diet records and later coded and analyzed with reference to a nutrient
content database. Many dietary analysis software packages now allow recall
interviews to be conducted interactively using a computer (see section IV).
Some software include built-in probes to standardize the interview process
and enhance completeness of recall. If consistency among several interview-
ers is desirable, these systems produce standardized probing. The National
Health and Nutrition Examination Surveys use a computer-based, interac-
tive, multiple-pass interview technique in which respondents are asked to
make a preliminary list of foods, meal by meal, then the interviewer reviews
the list with the respondent, eliciting details about each food reported (form,
brand name, portion size, preparation method, added condiments and so
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on).

 

12

 

 After the second pass, the respondent is asked, meal by meal and snack
by snack, if anything else was consumed at that event or between recorded
events and if so, those items are recorded and probed in detail as well.
Computer-interactive recall interviews are generally preferable to paper
records that must later be coded. You can probe and clarify responses imme-
diately, with reference to food items in the nutrient database, to find the
closest match and to recover as many relevant details as possible. However,
a skilled interviewer who is familiar with the software and database that
will be used for nutrient analysis is capable of eliciting and recording accu-
rate data for later coding.

The dietary recall has an advantage over the food records because clients
are less likely to alter eating behavior in expectation of being evaluated.
Recall interviews can be conducted over the phone on a surprise basis.
Disadvantages of the recall method include the possibility of forgetting items
and the difficulty of reconstructing portion sizes without direct measure-
ment. Clients can use a variety of visual aids, such as cups and bowls, serving
utensils and food models, to help them estimate portion sizes.

 

13

 

 Booklets of
two-dimensional representations of common foods can be distributed to
clients who will be interviewed over the phone. Still, clients who do not
prepare their own food are particularly likely to have difficulty with portion
size estimation, as well as with reporting some important details of prepa-
ration methods with nutritional impact. As with the diet record, clients may
deliberately misrepresent intakes for a variety of reasons.

 

C. How Many Days?

 

A single day of food record or a single 24-hour recall is not adequate to
characterize usual dietary intake and nutritional status because most people
experience day-to-day variability in food intake.

 

9,14

 

 Day-to-day variability
may be more pronounced among athletes than among the general population
because athletes often vary their diets with training and competition sched-
ules (see section III). In the general population, the number of days required
to estimate an individual’s usual or long-term intake varies from nutrient to
nutrient. Basiotis et al.

 

14

 

 estimated that it requires approximately 30 days to
estimate the usual intake of energy in the general population. Many vitamins
and minerals are distributed unevenly in the food supply, requiring even
more days to estimate usual intakes: approximately 60 days for protein or
iron, 90 for calcium, 200 for vitamin C and more than 400 for vitamin A.

 

14

 

It is obviously impractical to collect and analyze many days of dietary
records or recalls in most situations. You must arrive at an acceptable com-
promise between the precision of the estimate of nutrient intakes that is
acceptable and the resources available to obtain and process the data. For
dietary records, it is common to collect 3 or 4 days, less often 7 days of data.
This imposes a burden on the client who must keep the records and there
is a tendency for the quality of the record keeping to deteriorate toward the
end of a multiple-day recording period.

 

15
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D. Underreporting

 

Almost all diet records or recalls appear to be subject to some degree of
underreporting.

 

16

 

 The doubly labeled water technique for measuring energy
expenditure over a reference period of several days now permits investiga-
tors to quantify energy underreporting.

 

17

 

 Estimates of underreporting range
from 15%–30% of daily energy intake.

 

16–18

 

 Underreporting may be inadvert-
ent, such as forgetting to record condiments of high nutritional density or
food preparation methods of high caloric contribution (e.g., mayonnaise or
butter on a sandwich; breaded and fried foods). Deliberate underreporting
may be pervasive in the record, such as consistently underestimating portion
sizes, or it may be limited to specific kinds of foods. Snack foods, beverages
and items eaten between meals seem to be underreported more than foods
eaten at meals.

 

19,20

 

 Women tend to underreport more than men, overweight
individuals tend to underreport more than normal weight individuals and
less educated individuals tend to underreport more than more educated
individuals.

 

16,21-24

 

 Three independent groups of investigators have reported
that preteen girls report more completely than teenage girls.

 

18,21,25

 

 Among
adults and adolescents, the perceived social acceptability of foods or dietary
behaviors and the precepts learned from health education programs can
influence the likelihood of reporting certain foods.

 

22,26,27

 

 This perception of
acceptability may have a greater influence on teens and adults than on
preteens.

Many investigators have found that athletes of many ages and levels of
competition appear to substantially underreport energy intakes relative to
estimated or measured energy expenditures.

 

17,28-31

 

 No entirely satisfactory
explanation has been offered for this phenomenon, beyond the usual under-
reporting exhibited by most respondents.

 

E. Food Frequency Questionnaires

 

A food frequency questionnaire (FFQ) is a list of foods or categories of foods
intended to estimate usual intakes during a specified time period such as
the past month or past year. Clients are asked to indicate how often they
usually ate each item on the list during the reference period. A quantitative
FFQ also elicits usual portion sizes. Some quantitative FFQs include software
with statistical algorithms to compute estimated nutrient intakes. Compre-
hensive FFQs designed to estimate the intake of many nutrients may contain
more than 100 items, each with a corresponding portion size estimate. Some
FFQs focus on one or a few nutrients and some provide a score for compli-
ance with dietary recommendations such as fruit and vegetable intakes.
Reviews of FFQs can be found in Thompson and Byers

 

3

 

 and Sugerman et al.

 

4

 

The FFQ is less burdensome than multiple-day food records or recalls for
the client, who completes the FFQ only once. The FFQ is also less labor-
intensive than diet records or recalls in terms of coding and analysis. Many
are designed to be self-administered, although review of the completed form
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by a dietitian or interviewer-administration, either one-on-one or in a group
setting such as a classroom, improves the apparent validity of the
responses.

 

32

 

 Some FFQs can be completed on a scanned answer sheet and
some can be completed with an interactive computer program.

Proponents of the FFQ believe that it captures “usual” or long-term dietary
intakes. It is difficult to document that it does so, however, because most
FFQs are validated against a series of diet records.

 

33,34

 

 Responses on FFQs
tend to be biased by recent consumption patterns.

 

35

 

 People with inconsistent
eating habits may have trouble generalizing about a long reference period
and may not in fact have a usual intake for many foods. Even for people
with relatively consistent eating habits, the cognitive process of generalizing
about usual consumption can be difficult.

 

35

 

 Although quantitative FFQs pro-
duce apparently very precise estimates of nutrient intakes, it is difficult to
assess the validity of these estimates and therefore their utility in clinical
evaluation of nutritional status is limited.

 

36

 

The major FFQs in wide use in epidemiologic research were developed by
reviewing food records or 24-hour recall intake data for large numbers of
people and determining the most common food sources of nutrients for the
population as a whole.

 

37

 

 This limits the applicability of FFQs for people
whose eating patterns differ from those of the mainstream, for example,
some ethnic or immigrant groups, vegetarians, individuals of low socioeco-
nomic status and perhaps athletes.

 

38-40

 

 Individuals may not obtain the bulk
of their nutrient intake from the same foods as the general population. For
example, someone who does not consume dairy products might appear to
have a very low calcium intake based on an FFQ but might, in fact, have a
substantial calcium intake from calcium-fortified orange juice and other less
typical sources of calcium.

Another disadvantage of FFQs is that information about eating patterns
that can be recovered from diet records or recalls is missed by the FFQ format.
It is not apparent from FFQs that individuals skip breakfast or graze through-
out the day or do not get enough fluids. For example, van Erp-Baart et al.,

 

41

 

using multiple-day food records, found that one third of the daily energy
intake was derived from snacks in a large sample of world-class Dutch
athletes. This information would not emerge from an FFQ.

In using FFQs for dietary assessment, the health professional must be
aware of two potential pitfalls. The first is taking an existing FFQ from the
literature and applying it uncritically to the clients. The second is the temp-
tation to create a new instrument. In both cases, the problem is lack of
validation. No matter how widely an existing FFQ is used or how well it
has been validated in previous applications, it must still be validated in any
new population or demographic segment. This is particularly true when
working with athletes, whose eating habits may be quite different from those
of the general population or from those of the people for whom FFQs were
previously validated.

It may seem desirable to develop assessment instruments specifically for
a group of athletes, but the technical and logistic requirements of proper
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questionnaire design and validation are beyond the resources of most
practitioners. The design of the FFQ and the validation process both require
repeated collection of multiple days of diet records or recall interviews from
a large number of representative participants.

 

37

 

 Unless there is a pressing
and ongoing need for FFQs or short questionnaires for a specific program
or research agenda, it is rarely worthwhile to develop a new instrument. It
is more cost effective and accurate to gather several days of diet records or
recall interviews from clients to evaluate nutritional status.

 

III. Special Issues in Assessing Food Intakes of Athletes

 

People vary widely in age, lifestyle and health status. Athletes also vary in
the sports in which they participate and their level of training and compe-
tition. Athletes usually have higher energy needs than the general population
and some sports have unique physiological demands that also influence the
nutritional needs of athletes.

 

42-46

 

 It has been repeatedly documented that
these nutritional requirements can be met by normal, well-balanced diets
and there is no persuasive evidence that athletes need unusual dietary reg-
imens or programs of supplementation.

 

47

 

 Nevertheless, athletes are particu-
larly vulnerable to promises that dietary or supplementation practices might
give them an edge over their competitors or might compensate for real or
perceived variation in physical endowment and technical skill. Most sports
have traditions about appropriate and optimal dietary practices. Some of
these traditions are based in nutritional science and some are without scien-
tific foundation. Regardless of scientific merit, these beliefs strongly influence
coaches’ advice and athletes’ food choices, weight management practices
and supplement use.

 

48

 

 Dietitians and sports nutritionists working with ath-
letes need to be familiar with the nutrition-related beliefs of athletes and
coaches.

The Heptathlete Development Project of the Nutrition, Exercise and Well-
ness Program at the University of Arizona is one of several college programs
designed to use nutritional science to support peak athletic performance.
The project Web site

 

49

 

 provides several resources for the nutritional evalua-
tion of athletes. These resources include questionnaires about many nutri-
tional issues of special importance to athletes and the nutritionists and health
professionals working with them. These resources are a good place to start
in designing an individual evaluation program for athletes. We particularly
recommend the extensive questionnaire eliciting information about nutrition
attitudes and beliefs, feelings about weight and weight management prac-
tices, use of supplementsand dietary and fluid intakes during various stages
of training and competition.

Although many special issues must be considered when evaluating the
food and nutrient intake of athletes, athletes may also be relatively easy
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clients to work with. Elite competitors in particular are often very aware of
their food intakes and able to report them accurately.

 

A. Periodicity

 

In the general population, eating patterns may differ substantially between
weekdays and weekends. For this reason, multiple-day records usually
include several weekdays and at least one weekend day. In addition, people
experience seasonal periodicity in the availability and cost of some foods.
For athletes, additional important periodicities are associated with the cycles
of their sports such as the off-season, phases of training or pre- and post-
competition regimens. Some athletes train and compete intensely only part
of the year. The competitive season makes very different demands of energy
expenditure and nutrient intake from the off-season. Some athletes train
more or less year round, either competing in different sports throughout the
year or training for a single sport on a nearly continuous basis. Continuous
training is typical of elite competitors. Athletes who compete in different
sports in different seasons may have varied nutritional regimens according
to the sport. Athletes who engage in a single sport year round might engage
in different training, pre-competition and post-competition regimens. Pre-
competition carbohydrate loading to build muscle glycogen stores is a par-
ticularly important aspect of periodicity for many athletes, for example,
including long distance runners and other endurance athletes.

Nutritionists and health professionals should be familiar with the physical
demands and calendars of the various sports (Table 2.1). Because of these
periodicities, it may be necessary to obtain many days of data about an
athlete’s dietary intakes, scheduled to capture eating patterns in different
phases of activity, to accurately evaluate that athlete’s overall nutritional
status. At least, it is necessary to determine the appropriate time in a training
cycle to gather the data. For example, a marathon runner keeping a food
record in the day or two before a race might appear to have high carbohy-
drate intakes and low and perhaps inadequate intakes of other nutrients,
largely as a result of pre-race carbohydrate loading. If the goal of dietary
data collection is to support peak performance or conduct research into
associations between dietary practices and performance, it may be necessary
to schedule data collection to coincide with certain phases of training and
competition.

 

B. Fluid Intake

 

Many athletes do not consume enough fluids before, during and after training
or competition in spite of clear evidence that hydration improves perfor-
mance.

 

50

 

 Athletes keeping dietary records or interviewers collecting 24-hour
diet recalls may not remember to record water and other fluid consumption.
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Water consumption is often especially difficult to quantify. People don’t think
much about water consumption; they often drink in response to thirst through-
out the day and may forget many small intakes, but these add up to a sub-
stantial volume of water in the aggregate. Beverages not consumed with meals
are forgotten in diet records and recalls more often than those consumed with
meals.

 

19,20

 

 Many athletes consume sports drinks containing carbohydrates and

 

TABLE 2.2

 

Periodicity of Selected Sports

 

Sport

 

a

 

Pre-Season 
Training

 

b

 

Competitive 
Season

 

c

 

Active Rest

 

d

 

Post-Season 
Training

 

e

 

Baseball November–January February–June 3–4 weeks August–
October

Basketball August–October November– March 3–4 weeks May–July
Cross country August September–Nove

mber
Most compete 
in indoor/
outdoor track 
seasons

July–August

Football June–August September–Decem
ber

4–6 weeks February–
May

Golf July–August September–May 2–3 weeks June
Gymnastics October–December January–April 3–4 weeks June–September
Ice hockey August–September October–March 4–6 weeks May–July
Indoor track and 
field

September–
November

December–
February

Most compete 
in outdoor 
track season

Most compete in 
outdoor track 
season

Outdoor track 
and field

N/A (most have 
already competed 
during indoor 
track season)

March–June 3–4 weeks July–August

Soccer June–July August–December 4- 6 weeks February–May
Softball November–January February–May 3–4 weeks June–October
Swimming July–September October–March 3–4 weeks April–June
Tennis July–August September–

November
January–May 2–3 weeks June–July
Men’s volleyball August–September October–May 3–4 weeks June - August
Women’s 
volleyball

June–August September–
December

3–4 weeks February - May

Wrestling September–October November–March 4–6 weeks June–August

 

a

 

All sports include men and women unless specified, e.g., volleyball, where the competitive
seasons are scheduled differently.

 

b.,e

 

The differences in pre- and post-season activities are associated with the training cycle and
the type of conditioning that will be performed. The post-season for most athletes focuses on
developing strength, power, flexibility and agility. The pre-season focuses on developing more
technical abilities and specificity of movement and conditioning.

 

c

 

Competitive seasons vary by age group and skill level. The seasons here reflect the calendars
of most high school and collegiate sports in most states, governing bodiesand associations.

 

d

 

Active rest periods vary among age groups, skill levels and whether the athlete also competes
in other sports. Active rest allows the athlete to recover while engaging in other activities.
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electrolytes that have substantial nutritional implications. During practice ses-
sions, competition, or recovery, athletes may consume large amounts of such
beverages and quantification may be difficult.

 

C. Snacking and Grazing

 

Athletes may obtain a substantial portion of their daily energy and nutrient
intakes from snacks. Van Erp-Baart et al.

 

41

 

 found that elite Dutch athletes
competing in a variety of sports consumed about one third of their daily
energy from snacks. Many other investigators have reported that grazing or
snacking is a major adaptation to the high energy needs of athletes.

 

51

 

Depending on the foods eaten, snacks may also contribute substantially to
nutrient intakes. Snacks tend to be underreported in diet records or recalls
more often than meals.

 

19,20

 

 Athletes keeping diet records should be reminded
to record all snacks and interviewers should probe thoroughly.

 

D. Supplements

 

Aggressive marketing has led millions of athletes to use dietary supple-
ments. To cite only one example, a 1993 survey of the marketplace found
624 commercial products targeted to body builders, making more than 800
unsubstantiated health and performance claims.

 

52

 

 Many athletes take com-
mon vitamin and mineral supplements and may also take a wide variety of
other less common supplements (Table 2.2).

 

53

 

 In spite of abundant evidence
that athletes’ nutrient needs can be met by well-balanced diets and that most
supplements have no measurable effect on performance in well-nourished
athletes,

 

47

 

 some athletes still take substantial quantities of supplements. Sup-
plement abuse can cause short-term acute symptoms such as nausea or
diarrhea and long-term adverse effects such as nutrient imbalances or tox-
icity.

 

54-57

 

 Furthermore, some supplements contain substances banned by ath-
letic governing bodies and some may contain impurities.

Many clients do not think to report various supplements in a diet record
or recall interview because supplements may not be considered food and
they are often not consumed with meals. Athletes may also be reluctant to
disclose the use of some supplements, especially those that are prohibited
by sports governing bodies. Information on the use of supplements must be
elicited by educated probing. The professional should be familiar with the
range of supplements used by athletes in various sports (Table 2.4) and
should develop a rapport with clients that will facilitate probing about the
use of supplements, both the common vitamin and mineral preparations and
the more exotic products targeted to athletes.

Table 2.4 identifies common supplement categories that athletes might use.
It is important to recognize that this table indicates the categories in common
use in particular sports, but individuals may use a wide variety of sub-
stances, so probing should be done across all categories. It is also important
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to recognize that athletes may not equate a supplement they take with a
generic category, so the interviewer should become familiar with brand
names and common names of products used by athletes in a particular
program. For example, anabolic compounds include creatine monohydrate,
beta hydroxy beta methylbutrate, chorionic gonadotropin, human growth
hormone, dihydroepiandrosterone, androstenediol and many others. Each
may be marketed under a variety of common and brand names. Endurance
compounds include coenzyme Q-10, medium chain tryglycerides and pyru-
vate. Stimulants include caffeine, ephedrine and dimethylamphetamine.
Products in the energy category, consisting of sports drinks and power bars
with high energy content derived mainly from simple sugars, are widely
consumed and have the most direct nutritional impact. The bars may contain
proteins and minerals, while the beverages typically contain high concen-
trations of electrolytes. The “Other” category in Table 2.4 includes herbal
products that are becoming more common in the marketplace and in the
athlete’s pharmacopoeia. They have diverse effects ranging from diuresis to
decreased perception of fatigue or pain.

 

E. Weight Management

 

Some athletes, such as football players and power lifters, try to gain weight
and muscle mass. Others, like gymnasts and ice skaters, try to lose weight
and body fat. And some, like wrestlers and rowers, deal with the conflicting
goals of gaining muscle mass in the long term and losing weight in the short

 

TABLE 2.4

 

Supplements Reported by Athletes

 

 Supplement Category
Sport Anabolic Endurance Stimulants Energy Other

 

Baseball

 

× × × ×

 

Basketball

 

× × × ×

 

Body builders

 

× × × × ×

 

Cross country

 

× ×

 

Football

 

× × × ×

 

Golf

 

×

 

Gymnastics

 

× ×

 

Ice hockey

 

× × × ×

 

Indoor track and field

 

× × × × ×

 

Olympic weightlifting

 

× × ×

 

Outdoor track & field

 

× × × × ×

 

Soccer

 

× × ×

 

Softball

 

× ×

 

Swimming

 

× × × × ×

 

Tennis

 

× ×

 

Men’s volleyball

 

×

 

Women’s volleyball

 

×

 

Wrestling

 

× × × ×
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term.

 

48

 

 Athletes may try a variety of idiosyncratic, unhealthy and possibly
life-threatening dietary regimens to achieve their weight goals. Some sport-
specific factors predispose athletes to inappropriate weight-management
practices; these include the belief, common among both athletes and coaches,
that there are ideal weights, body fat contents or body shapes for peak
performance

 

58-61

 

 Although some body shapes or body composition profiles
are better adapted than others to some sports, diet or supplement-use regi-
mens to achieve weight goals can be carried to extremes, especially by
individuals who may try to achieve a standard unrealistic for their genetic
endowment.

Some athletes are at risk of disordered eating patterns.

 

62

 

 Eating disorders
may be more common among female athletes but should not be discounted
among male athletes.

 

59,63-66

 

 Athletes’ eating patterns may not meet the formal
diagnostic criteria of anorexia nervosa or bulimia nervosa but may never-
theless lead to dangerously inadequate energy and nutrient intakes.

 

60,61

 

 It
can be difficult to diagnose disordered dietary practices in athletes because
it is often appropriate for them to be light or slender. In fact, athletes may
not be obviously underweight but may still be in negative energy balance
and at risk of nutrient deficiency.

 

61,67

 

 Knowledge of sport-specific body type
norms and athletes’ beliefs allows the professional to interview and probe
effectively.

Athletes may not report their dietary practices accurately if they are aware
that they are unacceptable. Reported intakes that seem, logically, to be too
high or too low should be considered suspect.

 

68

 

 Doubly labeled water can
be used to estimate actual energy expenditure over a reference period.

 

69

 

Actual energy expenditure can be compared with reported food intakes to
assess the possibility of inaccurate reporting. The method has most often
been used to assess the degree of underreporting of energy intake,

 

17,30,31

 

 but
can also be used to assess overreporting among athletes who may try to
disguise inappropriate weight management techniques. However, common
sense and a close look at your client may suggest a discrepancy between
reported and actual intakes that warrants further exploration.

 

IV. Converting Reported Food Intakes to Nutrient 
Intake Estimates

 

In the past, coders had to match foods reported in a diet record or recall
interview with entries in printed food composition tables such as those com-
piled by the United States Department of Agriculture (USDA) and published
in the 

 

Agricultural Handbook

 

 series.

 

70

 

 Coders had to convert the reported por-
tion sizes to gram weight equivalents and compute the nutrient content of a
portion, one nutrient at a time, then sum all the foods to obtain estimated total
nutrient intakes. The advent of computerized dietary analysis software has
eliminated much of the tedium but it has not made the fundamental process
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of coding — matching the foods and portions reported to the most appropriate
corresponding items in the database — any less important.

Nutritional analysis software combines a user interface, an internal pro-
gramand a nutrient content database. The user interface is where foods are
entered and matched to items in the database and portion sizes are specified.
Most software allows the coder to enter a brief food name and select from
a number of possible corresponding foods. The internal program then maps
the food entered onto the database containing nutrient content information
and computes the nutrient intake corresponding to the food and portion
entered.

A variety of nutrient analysis software is available. New ones come on the
market frequently and those that already exist are updated periodically. We
have provided general guidelines to help professionals choose software that
will be most suitable for their needs (Table 2.4).

 

4,71-73

 

Nutritional analysis software ranges in price from free (on the Internet)
through a few hundred dollars to several thousand dollars. Price should not
be the primary determining factor in choosing software. The most important
factor is the appropriateness and accuracy of the nutrient content database
the software uses, the second is the quality of the user interface. Both a good
database and a good user interface can be found in the midrange of cost. In
particular settings, special features may be desirable and may dictate the
need for a more expensive software.

No software is perfect and none will contain all features that might be
desired. Prioritize your needs. Most vendors provide a demo version to try
before software is purchased and some can be tested on line. Most demos
do not support all of the functions of the software so if a demo is appealing
but seems to lack some desired features, the vendor can supply a full descrip-
tion of capabilities.

 

A. Hardware Considerations

 

Most software packages are available in versions compatible with IBM-clone
computers and most offer Windows versions. Few professional-quality
dietary analysis software run on MAC systems. The software should run on
the purchaser’s existing hardware and be compatible with the configuration
and operating system of the computer to be used (Table 2.4).

 

B. Databases

 

Most dietary analysis software is packaged with an obligatory nutrient data-
base, although a few permit the purchaser to select from one of several
database options or to purchase an upgrade of the basic database. The
nutrient database is used to translate reported food consumption into esti-
mated nutrient intakes. The USDA Database for Standard Reference

 

74

 

 is the
most appropriate database for evaluating the diets of residents of the United
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States but would not be appropriate for people living elsewhere.

 

75,76

 

 This
applies especially to the evaluation of micronutrient intakes because many
foods in the United States are both highly processed and highly fortified;
the extent of processing and fortification varies greatly in other countries.
Most nutritional analysis software packages sold in the United States use
part or all of the USDA database. When this chapter was written, the current
version of the USDA Database for Standard Reference was 13 (SR13),

 

TABLE 2.4

 

Checklist for Choosing Dietary Software

 

❏

 

 Will the software run on your computer?
Check RAM, hard disk space, configuration (extended or expanded memory), operating 
system (DOS, Windows, version of Windows, non-IBM clone), monitor and printer 
requirements

 

❏

 

 Do you need a single-user license or a multiple-user license?

 

❏

 

 How much technical support does your user license entitle you to?

 

❏

 

 How detailed is the documentation
to install and manage the software?
to run all the features of the software?
to troubleshoot?
to manage files?

 

❏

 

 Does the documentation specify default assumptions?

 

❏ What is the database?
What is the source if information for nutrients?
How current are the data?
Are database upgrades offered?
Are users routinely notified of database updates?
Does the database provide data on all the nutrients of interest?
Are there gaps in the database for important nutrients?
Are foods with missing data flagged and are totals including these foods also flagged?

❏ Does the software allow you to enter water/fluid consumption?
If not, does the software include the water content of foods and can you adapt this to 
record fluid consumption?

❏ Can you add new foods to the database and is this easy to do?
What is the maximum number of new foods that can be added?

❏ Can you add recipes to the database and is this easy to do?
Does the recipe system include retention (cooking gains and losses) algorithm?
What is the maximum number of recipes that can be added?

❏ Does the software produce output that meets most of your needs?
Do you want percent of energy from macronutrients?
Do you want intakes broken down by meal?
Do you want intakes evaluated relative to standards (e.g., diabetic exchanges, dietary 
reference intakes)?

Are the reference standards used current and correct?
Do you need weight management algorithms?
Are the algorithms appropriate for athletes?

❏ Ease of file management
Can the software produce multiple-day averages for individuals?
Can data be output for use in statistical software for research purposes if you need this 
feature?
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released in 1999. The food supply changes constantly and databases keep
abreast of these changes with periodic updates. Updates to the USDA data-
base are published on the USDA Web site.74 A software user support contract
should include updates to the database as they become available, or at least
notification that updates have occurred.

No database contains complete data on all nutrients. Data for selenium
and soluble fiber are often missing from many foods in a database, for
example, but these nutrients may not be of particular concern when working
with athletes. On the other hand, it may be important to evaluate athletes’
vitamin D intakes but the USDA database did not include values for vitamin
D in foods until SR13. Some software offers data on the fatty acid or amino
acid composition of foods or other specialized micronutrients.

The software should flag foods for which the nutrient content data are not
complete and should flag daily nutrient totals and multiple-day nutrient
averages that include missing data. Missing data for a nutrient in a food
should be clearly distinguished from the absence of that nutrient. It should
be clear whether a blank means “none” or “missing data.” Missing data on
the nutrient content of a given food will result in an underestimate of intake.
This is not often problematic, except in the case of an estimated low intake
of a nutrient for an individual whose record includes many foods with
missing data for that nutrient. This may be an issue in dealing with the diets
of athletes because they may eat a number of foods not in the database. The
software should allow the addition of new foods and nutrient content infor-
mation to a database.

C. New Foods

New foods enter the market constantly and specialized foods and nutritional
products targeted to athletes are common. Even if a database is updated
periodically, clients will report foods not in the database. If a food not in the
database composes a substantial portion of a client’s diet or appears in the
records of many clients, it is important to obtain detailed nutrient content
information. The first resource to check is the USDA Web site,74 where the
most recent updates are posted. If the food is not in the USDA updates, some
information can be obtained from the product label. Current Food and Drug
Administration (FDA) and USDA regulations require listing the amount of
energy, total and saturated fat, cholesterol, sodium, total carbohydrate,
dietary fiber, sugars and protein per serving and a specification of serving
size.77 The regulations also require listing vitamins A and C, calcium and
iron contents as a percent of daily value, but the actual content of these
nutrients in µg or mg need not be specified. Listing other vitamins and
minerals on the label is optional.

The nutritional information available on food labels is therefore limited.
Ideally, complete nutrient information on foods you add to the database
should be available. Many food manufacturers will provide nutrient infor-
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mation to professional practitioners on request and many food packages list
a phone number to call to request this information. Some manufacturers
consider nutritional information proprietary, although this is more likely to
be true of purveyors of nutritional supplements than of foods. If all other
avenues fail, the nutrient content of a new food can be approximated by
comparing the label nutrient information and ingredient list with those of
foods already in the database and finding one that appears to be the most
similar.78

The buyer should choose software that permits the addition of new foods
and their nutrient contents and that makes this process user friendly. How
many new foods can the software accommodate? There will be some upper
limit but this should be in the hundreds. When working with athletes, you
may need to add many foods, beverages and other products with nutritional
implications.

D. Recipes

Combination dishes are problematic for any database because of the wide
variety of recipes and preparation methods people use. Most databases have
generic recipes for common homemade foods, but these are based on aver-
ages from national surveys75,79 and may not accurately reflect a client’s own
recipe. It is preferable to elicit specific ingredients and preparation methods
if clients can provide this information. Dormitory food services and training
table kitchens are usually willing to share their recipes. A word of caution
is in order here, however. Food service recipes are explicit about the number
of portions a recipe yields but some athletes consume far more than the
standard portion; it is not safe to assume that an athlete’s reported serving
is the same as the recipe portion.

Recipes should be easy to add to whatever software is chosen. It should
also, ideally, offer the option of saving added recipes in a general file or in the
file of an individual who reports a recipe. Some recipes apply to only one
client, but if a number of clients are using the same recommended recipes or
eating in the same dormitory or at the same training table, it is inconvenient
to have to enter a common recipe repeatedly. Ask about the upper limit to the
number of recipes that can be added to the database. As with new foods, when
working with athletes it may be necessary to add many new recipes.

The best software incorporates information about retention factors — the
nutrient gains and losses associated with the cooking process — into the
recipe algorithm. Alternately, retention factors are published in the USDA
website74 and can be used to calculate the nutrient content of the prepared
recipe from the raw ingredients, adjusting for cooking gains and losses.78

The nutrient content of a recipe computed in this fashion can be added to
the database, treating the recipe as a new food.

Some nutritional software applications are part of integrated food-service
management packages that can maintain inventory, generate menus and rec-
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ipes and provide point-of-purchase nutritional analysis, all through a single
computer system. For athletic programs with training tables or other food
service operations that are considering automation or upgrade, an integrated
system that includes nutritional analysis may be an attractive option.

E. Water and Sports Drinks

Fluid balance is an important issue for athletes but many nutrient analysis
software have no mechanism for recording water consumption as such.
However, some have a column for the water content of foods, treating it like
any other nutrient. The water content column can be adapted to record fluid
intake. Add water to the database as a new food, with zeroes in the columns
for the other nutrients and an amount of water consumed, usually in grams,
in the column set aside for the water content of the food. Some databases
include a few popular sports beverages, but none are up to date on all the
sports drinks on the market, particularly the specialized beverages targeted
to athletes. These should also be added as new foods, including an entry for
their water content. Entering sports drinks into the database should be fairly
straightforward because the carbohydrate and electrolyte content is gener-
ally detailed on the label.

F. Supplements

Common vitamin and mineral preparations are generally well labeled. If
athletes report taking these products, the interviewer should ask to see the
bottle. The information can be transcribed and added to the nutrient totals
or the supplement product can be added to the database as a new food.
Some products targeted to athletes may be less well labeled and it may be
difficult to obtain nutritional information about them. FDA regulations about
labeling these products are limited and manufacturers may consider the
details of formulation to be proprietary information.80

G. Default Assumptions

Most software has default assumptions that can be invoked if a food is not
described in detail in the diet record. The default assumptions are based on
typical food use patterns reported by participants in large national surveys
and may not accurately reflect the intakes of a given individual.81 For exam-
ple, “fried chicken, leg, NFS” (not further specified) may assume batter-
dipped, with skin and fried in hydrogenated vegetable shortening, because
this is the most common preparation method for fried chicken. The fried
chicken leg a client actually consumed may have been breaded rather than
battered, skinless and fried in canola oil. If the default assumptions system-
atically depart from what respondents consume, reliance on default assump-
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tions will bias the results of the nutrient analysis. The default assumptions
should be used only as a last resort, not as the path of least resistance. More
importantly, clients should be taught to record as much detail about foods
as possible.

H. Special Features

i. Interactive Interface

Many applications have an interactive user interface, where the screen dis-
plays the nutrient content of foods as they are entered, maintains a running
total of all the foods entered so far and displays instantaneous changes to
show the effects of adding, deleting, or substituting foods. An interactive
interface is very useful in counseling and educating clients. Software that
requires multiple file management steps to enter, analyze and output nutri-
tional information is tedious to use and is not particularly useful in client
interactions.

ii. Output Options

Buyers must decide what kind of printed output they need. Is it important
to have detailed reports to file with clinical records? Are client-friendly
outputs for education and counseling necessary? Many applications offer
both options. Should the output include comparisons of the client’s intake
with standards such as the Food Pyramid Guidelines, Dietary Reference
Intakes, or Diabetic Exchanges?82-84 If comparisons with standards are impor-
tant, does the software include the most current standards? It may be equally
important to be able to evaluate clients against individualized recommen-
dations or those of a sports program. If so, can individual goals be added
to the software?

Some software now contains information on the calculated glycemic index
of foods. This is of interest to practitioners dealing with athletes as well as
to those dealing with patients with diabetes or hyperlipidemia, although
much research remains to be done in all areas of application.85 If this option
is important to the purchaser, the accompanying documentation should be
searched for the source of the data on the glycemic index. Calculations
should be based on standardized methods.86

Some dietary assessment software has weight management algorithms
linked to body size, reported energy intakes and physical activity estimates.
The algorithms were probably developed from the general population and
may not be accurate for athletes, who typically train and compete well
beyond the maximum level of physical activity assumed by the software.
There should be adequate documentation to determine how the weight
management algorithms were derived. Some dietary assessment software
also purports to estimate percent body fat from height, weight, sex and age.
These estimates are imprecise, even for the general population from whom
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they were developed. Their applicability to athletes, who usually have
greater lean body mass and less body fat for a given height and weight than
nonathletes, is questionable. There are more accurate ways to estimate body
fat content and, if this is important in evaluating the nutritional status of an
athlete, the client should be referred for appropriate measurement.

iii. File Management

Will the software be expected to analyze client data one day at a time or
will multiple-day average intakes be examined? Not all software will pro-
duce multiple-day averages and some that does is rather inflexible about
what can be included in the average. Dietary analysis software that is
exemplary in other respects may not export nutrient intake data in a form
that is readily imported into statistical software for further analysis. If this
is an application that will be important, a conversation with the software
vendor ’s technical support staff should reveal the details of export file
management. If this is necessary only rarely and for few clients, the data
can be transcribed from the output and entered into a spreadsheet or
statistical program.

I. Technical support

A software contract should entitle the purchaser to technical support ser-
vices. Inquire about how much service is available and what kind. Round-
the-clock service is probably not available and where technical support staff
is located relative to your time zone may be important. Working around a
several-hour time difference could be limiting if the technical support office
has restricted hours. Try to check out the quality of the technical support.
How long does it take for them to answer the phone? How many layers of
menus must be traversed before talking to someone? Calling the technical
support and asking questions that might arise in the process of choosing
software will give a good sense of how competent and customer friendly
technical support is.

J. Licensing Considerations

Decide whether you need a single-user license (less expensive) or a multiple-
user or network license. If only one person will be using the software, a
single-user license would be adequate. If, however, you work on different
computers in different locations, the license issue becomes problematic and
this must be negotiated with the vendor. In purchasing software for group
use, it is important to inquire about restrictions on how many people may
have simultaneous access. You should also ask what a license buys in the
way of technical support and updates and ask whether annual renewal fees
must be paid. If annual fees are required, regular database updates should
be included.
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V. Summary

Food and nutrient intake assessment is a difficult and time-consuming pro-
cess for both the clients and the professionals who work with them. The
most accurate technique is usually a food record kept by clients as they
consume foods, measuring portions as accurately as possible. Estimation of
overall nutritional status requires collecting multiple days of records. For
athletes, dietary habits may vary substantially with their training and com-
petition seasons. To assess overall nutritional status, it may be necessary to
obtain multiple days of records at several periods throughout the year. To
support peak performance, records should be obtained during appropriate
training and competition periods. Athletes often take a variety of supple-
ments and other products that they might not think to report on a diet record,
so the interviewer should become familiar with the wide range of products
and probe for them during interviews. Translating food records to nutrient
intakes is much easier now than it used to be, with the advent of user-friendly
interactive dietary assessment software. Nevertheless, coding remains a
skilled activity and the most sophisticated software will not compensate for
sloppy coding. The nutrient intake estimates obtained from a software are
only as good as the dietary data supplied by the client and only as good as
the coding techniques used to input the dietary data into the software. There
are no shortcuts for accurate food and nutrient intake assessment and there
are no substitutes for knowledgeable and sympathetic professionals to
gather and analyze the data.
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I. Introduction

 

Given the increasing competitiveness of athletics, more and more athletes
are eager to learn about and adapt methods for improving their performance.
Recognizing the key role played by nutrition in physical performance, ath-
letes are becoming more interested in learning about ways to improve their
dietary intakes. Adequate and proper nutrition of athletes is important to
meet their energy, essential nutrients and fluid needs. Thus, an assessment
of dietary intakes and practices is an important first step when working with
athletes with the aim of improving their dietary intakes and performance.
It is also advisable to assess athletes’ diets regularly to identify potential
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problem areas and prevent seasonal deficiencies, such as those observed with
iron.

 

1

 

 In this chapter, the methods used to assess adequacy of the dietary
intakes of athletes using nutrient intake data will be reviewed.

 

II. Dietary Assessment

 

Dietary assessment methods such as diet histories, food records, diet recalls
and food frequency questionnaires, can be used to estimate dietary intake
patterns and nutrient intakes of various groups of athletes and to determine
relationships between diet and performance. However, these methods are not
error proof and studies have shown that accuracy of reported dietary intake
data is influenced by several factors such as age, gender, body weight, body
composition, restrained eating habits, social class, consumption of certain food
groups, etc.

 

2,3

 

 This reporting bias can lead to misinterpretations of the nutrient
adequacy of an individual’s diet and nutritional status. Furthermore, differ-
ences in body size, levels of activity, competition and training programs can
influence dietary macro- and micronutrient intakes and the variations in
energy, macro- and micronutrient intakes observed between various groups
of athletes and studies in the literature.

 

4

 

 Self-reported energy intakes typically
are underestimated, especially by adolescents and obese individuals, which
can result in misinterpretation of individuals’ nutritional status.

 

2,3

 

 Jonnala-
gadda et al.

 

3

 

 observed 61% of elite female gymnasts to underreport energy
intakes and to have lower intakes of vitamin A, thiamin, riboflavin, iron and
calcium, than those gymnasts who were classified as adequate energy report-
ers. Additionally, length of the dietary evaluation period also needs to be given
attention due to day-to-day variations in intake. For example, Rico-Sanz et al.

 

5

 

observed a 26% between-day variation in energy intake of elite soccer players.
It is thus best to evaluate macro- and micronutrient contributions of the diets
of athletes over several days rather than looking at a single day’s intake. Thus,
it is not only important to use the appropriate dietary assessment methods,
but to use methods to improve the accuracy of the dietary assessment, given
its influence on the reported nutrient intake data. It is also important to use
the same assessment method when attempting to determine nutrient adequacy
of athletes’ dietary intakes by comparing them to the dietary and nutrient
intakes of individual athletes or groups.

 

III. Dietary Guidelines

 

The Dietary Guidelines for Americans

 

6 

 

can serve as a baseline for an assess-
ment of an individual’s intake. With the passage of the 1990 Nutrition Mon-
itoring Act, these dietary guidelines are being reviewed every 5 years and
the recommendations are directed toward a prescription of health and fitness
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and prevention of particular disease states. These nonquantitative guidelines
provide advice for the general healthy public with respect to diet — mainly
macronutrients — and fitness. The latest guidelines

 

6

 

 are as follows:

1.

 

Aim for fitness.

 

Aim for a healthy weight.
Be physically active each day.

 

2. Build a healthy base.

 

Let the pyramid guide food choices.
Choose a variety of grains daily, especially whole grains.
Choose a variety of fruits and vegetables daily.
Keep food safe to eat.

 

3. Choose sensibly.

 

Choose a diet that is low in saturated fat and cholesterol and
moderate in total fat.

Choose beverages and foods to moderate intake of sugars.
Choose and prepare foods with less salt.
If alcoholic beverages are drunk, they should be in moderation.

Additionally, the food guide pyramid

 

6

 

 developed by the United States
Department of Agriculture (USDA) and Department of Health and Human
Services (DHHS) can serve as a guide for evaluating an individual’s dietary
intake. The food guide pyramid offers a pattern for daily food choices based
on foods that are classified into five major food groups. The pyramid pro-
vides a range for the number of servings to be consumed daily from each
group, with the lower end of the range for individuals on an approximately
1600 kcal/day diet and the upper end for individuals on an approximately
2800 kcal/day diet. At the very tip of the pyramid are fats, oils and sweets,
with a suggestion to use these sparingly. A diet that includes a wide variety
of foods from within each food group can ensure an adequate intake of
nutrients. The food guide pyramid recommendations are as follows:

1. Bread, cereal, rice and pasta group: 6-11 servings
2. Vegetable group: 3-5 servings
3. Fruit group: 2-4 servings
4. Meat, poultry, fish, dry beans, eggs and nuts group: 2-3 servings
5. Milk, yogurt and cheese group: 2-3 servings
6. Fats, oils and sweets: use sparingly

Furthermore, based on research on the role of diet in health and disease
conditions, the federal government and other national organizations have
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made more specific quantitative recommendations regarding the intake of
macro- and micronutrients. Overall, these recommendations for the general
public suggest that individuals obtain 60–65% of energy from carbohydrates,
10–15% from protein and the rest (< 30%) from fat. More specific recommen-
dations have been developed for individuals participating in various sports
based on the energy needs of the individual sports, the performance targets
and dietary composition guidelines that the athlete is attempting to achieve.

An individual athlete’s energy and nutrient needs will vary depending on
age, gender, height, weight, type, frequency, intensity and duration of train-
ing and competition. Depending on their activity levels and sport, athletes
will need to consume between 60% and 70% kcal from carbohydrate, 10–15%
kcal from protein and 20–30% kcal from fat. For instance, for competitive
weight lifters, muscle size and strength are important, while, for long-dis-
tance runners, the same may be a deterrent to performance. Therefore, the
dietary intakes of these two groups of athletes will vary in their distribution
of protein, fat and carbohydrate in the diet. Thus an assessment of the
athlete’s diet should take into consideration the requirements of the sport
and performance goals of the athletes. Typically, diets providing a variety
of foods can meet the macro- and micronutrient needs of these active indi-
viduals. Thus, athletes’ nutrient intake and food consumption patterns can
be compared with national recommendations and can be classified into
various groups. For example, individuals with total fat intakes greater than
37% energy can be classified as high-fat eaters; these individuals are likely
to have intake patterns different from the low-fat eaters. For example, Koenig
and Elmadfa

 

7

 

 observed low-fat eaters to have higher intakes than high-fat
eaters of total carbohydrates, sucrose, dietary fiber, potassium, magnesium
and folic acid and lower intakes of cholesterol, vitamin D, riboflavin and
vitamin B

 

6

 

. Likewise, food based evaluation showed low-fat eaters to con-
sume less butter, margarine, fish, all types of meat and pulses, but more
cereals, dark bread, milk and milk products, fruits and fruit juices, which,
in turn, can impact their macro- and micronutrient intakes and the nutrient
adequacy of their diets.

The passing of the National Nutrition Monitoring and Related Research
Act has resulted in the development of comprehensive assessment of the
nutritional status of the U.S. population and the nutritional quality of the
U.S. food supply by the agencies of the federal government.

 

8

 

 Three of the
well-known surveys that fulfill the mandates of this bill are the National
Health and Nutrition Examination Survey (NHANES), Nationwide Food
Consumption Survey (NFCS) and Continuing Survey of Food Intake by
Individuals (CSFII). The dietary components of these surveys include col-
lection of food intake data over a period of time and analyses of their nutrient
equivalents. The resulting data provide an idea of the food consumption and
nutrient intake patterns of a healthy U.S. population by age, gender and race
categories. This data can be used as the basis to assess whether the diets of
the athletes under study are similar to that of the national intakes and to
assess adequacy of nutrient intake. For instance, Ziegler et al.

 

9,10

 

 observed
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elite figure skaters to have macro- and micronutrient intakes below that
observed for adolescents in the NHANES III and 1994 CSFII surveys. Fur-
thermore, these athletes were also observed to have intakes of certain nutri-
ents below that of the dietary recommendations, suggesting that the
nutritional status of these figure skaters needs to be further evaluated.

 

9,10

 

The nutrient intake of athletes can be compared with national recommenda-
tions for healthy individuals, such as the recommended dietary allowances
(RDAs), recommendations by professional organizations such as the American
Dietetic Association or sport-specific recommendations if available.

 

11-17

 

 Addi-
tionally, when assessing adequacy of nutrient intakes of athletes, comparisons
can be made with intakes of other athletes in similar types of sports. Further-
more, impact of dietary intake on performance can also be used as a measure
of adequacy, although some caution should be used when using performance
as a measure of adequacy because athletes have been shown to adapt to low
intakes without compromising performance.

 

18,19

 

 In addition to all of the above
mentioned comparisons, the absolute amount of intake should also be exam-
ined in relation to body weight before judgments of diet quality and nutritional
status are made. Rico-Sanz et al.

 

5

 

 observed that carbohydrate intake of elite
soccer players (53.2% kcal) was higher than that of Swedish (47% kcal), Danish
(46.3% kcal), Canadian (48% kcal) and American college players (48% kcal) but
lower than that of Italian first division players (56% kcal) and the general
recommendations for soccer players (55–65% kcal). However, when the intake
of these players was examined on a g/kg body weight basis, the intake of these
elite athletes (8.3 g/kg body weight) was within the values reported to maxi-
mize glycogen stores in muscle.

Comparisons of nutrient intakes with existing data in the literature of
similar groups or the general population can also be made to assess where
athletes stand with respect to their counterparts. However, caution should
be exercised in the interpretation of such comparisons due to factors such
as differences in training programs and intensities, activity levels, lifestyles,
body weight and energy demands. Additionally, the growth stage and com-
petition level of the athletes in the various studies should be taken into
consideration when evaluating their dietary intakes. For instance, profes-
sional male cyclists have higher energy intakes than paddlers mainly because
of the higher energy demands of the cycling events.

 

20

 

 Garcia-Roves et al.

 

20

 

observed that diets of elite Spanish flatwater paddlers did not meet the
recommended macronutrient intake for athletes training and competing
(60–70% carbohydrate, 1.2–1.7 g protein/kg body weight, fat < 30% energy);
however, these athletes had a protein intake similar to the average Spanish
population but higher carbohydrate and lower fat intake, while maintaining
the high consumption of olive oil typical of this Mediterranean population.
These athletes, despite having low carbohydrate and high fat diets when
compared with the dietary recommendations for athletes, had micronutrient
intakes that exceeded the dietary recommendations. However, it is important
to recognize that these recommendations are for the general population and
do not make allowances for physical activity.
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IV. Dietary Standards

 

Over the past several decades in the U.S., the Recommended Dietary Allow-
ance (RDA), which represents a level of intake sufficient to meet the needs
of essentially all healthy people, was the most common measure used to
determine adequacy of healthy individuals’ nutrient intake.

 

11

 

 Although the
requirements of specific nutrients can vary widely, even among similar
groups of individuals, based on the available scientific literature an estimate
of the mean physiological requirements for a nutrient is made considering
age, gender and condition. For instance, for adults, the amount of a nutrient
consumed can depend on its ability to maintain nutrients stores in the body,
maintain body functions and prevent development of deficiencies. It should
be recognized that these nutrient recommendations are higher than the mean
requirement of an individual because they take into account variations in
individual nutrient requirements within a group and are therefore set higher
than the mean requirements. More recently, the dietary reference intakes
(DRIs), which include the estimated average requirements (EAR), RDA,
adequate intake (AI) and tolerable upper intake level (UL) were developed
by the National Academy of Science to provide a more complete set of
reference values.

 

21

 

 
The EAR is the intake that meets the estimated nutrient needs of 50% of

the individuals within a particular age and gender group. If an individual’s
intake is two standard deviations below the EAR, it is quite positive that
nutrient needs are not being met.

The RDA is the intake that meets the nutrient need of almost all (97–98%)
of the individuals in a particular age and gender group. The RDAs are set
two standard deviations above the mean requirements for a particular age
and gender group to account for incomplete utilization by the body and for
variations in the levels of the nutrient provided by various food sources. The
RDAs are target or recommended intakes and are expressed as a single
absolute value and not in relation to height or weight. Although an intake
less than the RDA is not necessarily inadequate because it is set well above
the mean physiological requirements, the more the intake falls below this
standard, the greater the potential for inadequate intake. Although individ-
uals’ nutrient requirement cannot be known with certainty, if on the average,
their intake meets or exceeds the RDA, it is safe to assume that the dietary
intake is adequate based on current scientific knowledge.

 

8,11,21

 

 When intake
is less than the RDA, the risk of inadequate intake is present and this risk
increases as the intake continues to fall. Although reported dietary intake
by itself cannot be a sole measure of an individual’s nutritional status,
reported usual intakes well below the RDA may be indicative of the need
for further assessment of nutritional status by biochemical or other clinical
exams.

 

11,21

 

 Nutrition assessment and intervention may become necessary
when usual dietary intake is less than two thirds of the RDA for a nutrient
in the diet of athletes.

 

23
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On the other hand, AIs are the average observed or experimentally derived
intake by a defined population or subgroup that appear to sustain a defined
nutritional state, such as normal circulating nutrient values, growth or other
functional indicators of health. Thus, the AI is higher than the EAR and,
given that it is based on group information, it cannot be used to assess
adequacy of nutrient intake of individuals. However, in general, individuals
with intakes at or above AI can be assumed to have a low risk of inadequate
intake.

 

23

 

The UL is the maximum daily level of intake of a nutrient that is unlikely
to pose risks of adverse effects to almost all (97–98%) individuals. Although
this maximum UL will vary from individual to individual and cannot be
known with certainty, intakes below UL provide assurance that the intake
will not cause adverse effects given current scientific knowledge. Thus, given
the specific purpose of each of these measures, the purpose of the nutrient
intake examination should be considered carefully when selecting a measure
for comparison.

 

23

 

V. Dietary Indices

 

A healthy diet can be achieved by combining foods from the major food
groups in an individual’s daily dietary intake.

 

24

 

 Food group intake patterns
can provide an understanding of adequacy of dietary intakes because indi-
viduals typically do not consume a single food but rather a combination of
foods that provide a combination of nutrients. An examination of these
intake patterns can also be useful in determining nutrient adequacy.

 

25

 

 Based
on reported intakes of various individual foods and the adherence to national
guidelines and recommendations Beaudry et al.

 

26

 

 classified individual food
intake patterns into high-energy density, traditional and health-conscious
patterns. Individuals who were classified as health-conscious typically fol-
lowed the dietary guidelines for macronutrients and this pattern was posi-
tively correlated with each of the indicators used to determine nutrient
adequacy. Typically, women were observed to be most likely to follow the
health-conscious dietary intake pattern, while men followed the high-energy
density and traditional intake patterns. The high-energy density pattern was
the least likely to be nutritionally adequate and correlated negatively with
the recommended macronutrient intake recommendations while the tradi-
tional pattern was observed to be strongly correlated with the micronutrient
recommendations but not the macronutrient recommendations. Such an
examination to determine nutrient adequacy can serve as a powerful tool in
developing nutrition education and nutrition intervention programs to meet
the specific needs of the target population and in assessing health risks.
Dietary energy, fat and selected micronutrient intakes can thus be used as
indices of overall nutrient adequacy of the diet given the correlation between
certain nutrients and health and performance status of athletes. For example,
energy intake is highly correlated with intake of carbohydrate, fat and pro-
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tein and to intakes of several micronutrients. Although high-energy diets
may be high in quality based on protein and micronutrients, these diets are
also likely to be high in fat, so their quality may not be high with respect to
the athlete’s performance ability and long-term health.

 

27

 

 In addition to
dietary and nutrient intake patterns, the overall diet quality and nutrient
adequacy can be determined by using different indices such as:

 

28

 

1.

 

Nutrient adequacy ratio (NAR)

 

 is the ratio of intake of a nutrient
relative to its RDA. Mean adequacy ratio is the average sum of the
NARs and allows an evaluation of overall adequacy of selected
nutrients in the diets of a given population group.

2.

 

Food quality index (FQI), nutrient quality index (NQI) and nutri-
ent density (ND)

 

 are based on the ability of a food item or a diet,
respectively, to meet the RDAs relative to energy requirements.
Nutrient density assesses the quantity of nutrients in an individ-
ual’s diet per 1000 kcal, implying that, if the amount of nutrients
per 1000 kcal is high enough, the nutrient needs of individuals are
met when their energy needs are met. These measures allow for
an assessment and comparison of nutritional quality of individual
foods and diets independent of serving size. Thus, the foods
selected should be both high in nutrients and low in energy to
provide an adequate nutrient intake for individuals on a low-cal-
orie diet. Ziegler et al.

 

9

 

 observed that diets of elite male figure
skaters were less nutrient dense, especially for micronutrients such
as vitamin A, folate, magnesium, iodine and sodium despite these
skaters’ consuming more than 100% of RDA for all of these nutri-
ents, suggesting that the diets of these athletes may be more energy
dense than nutrient dense. Therefore, this measure can be used as
a tool for assessing quality of intake and identifying appropriate
foods that are nutrient dense.

3.

 

Index of nutritional quality (INQ)

 

 allows for the comparison of
the nutrient density of foods or diets to a nutrient standard. Based
on the RDAs, the INQ first calculates single-value nutrient recom-
mendations for individual nutrients. Then the amount of nutrient
per 1000 kcal in food is compared with the recommendations per
1000 kcal of food. Foods with an INQ of greater than 1 are consid-
ered to be of good quality and could potentially be providing
nutrients in excess of calories. On the other hand, foods with an
INQ of less than 1 suggest that the individuals consuming these
foods will have to consume excess calories to meet their nutrient
needs.

4.

 

Sum of selected nutrients

 

 consumed: at least at two thirds of the
RDA can be used to calculate nutrient score of an individual’s
dietary intake. Klicka et al.

 

9

 

 examined the nutritional adequacy of
cadets intakes and meals offered at the U.S. Military Academy
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(USMA) by comparing with military RDA (MRDA). Diets of cadets
were classified as adequate if nutrient intake equaled or exceeded
the standards, marginal if consumption was between 70% and 99%
of standard and low if consumption was less than 70% of the
standard. Folate intake was deficient (< 70% of MRDA) in all males,
while the female cadets had inadequate intakes of vitamin B

 

6

 

,
folate, vitamin A, magnesium, iron and zinc. Males and individuals
with a greater number of weekday meals consumed at the mess
had more nutrient-dense diets. Moreover, female cadets who con-
sumed fewer weekday evening meals at the USMA mess had only
88% of MRDA for protein, 96% of MRDA for magnesium and 80%
of MRDA for zinc intakes. Furthermore, nutrient supplement users
had higher nutrient-density diets than non-nutrient supplement
users. Snacks, which provided 24–32% of energy in the female
cadet’s diet, were often substituted for meals, thus contributing to
the inadequate intakes observed in the diets of these cadets. This
study also shows that a combination of techniques can be used to
determine nutrient adequacy of diets.

5

 

. Intake patterns of food or food groups

 

 can also be used to deter-
mine nutrient adequacy. This is done by considering recommended
number of servings of the major food groups and variety of intake
within each group.

 

6,24

 

 Based on the reported frequency of consump-
tion of food groups, a diet score can be calculated to determine
dietary diversity, diet quality and association with disease out-
come.

 

25

 

 For example, individuals reporting consumption of two or
fewer food groups compared with those consuming all five (dairy,
meat, grain, fruit and vegetables) were observed to have 40–50%
higher risk of mortality.

 

28

 

 The Healthy Eating Index (HEI)

 

30 

 

devel-
oped by the USDA provides an overall measure of individuals’
diet quality by evaluating intake of 10 dietary components that are
thought to represent a healthy diet. The scoring system is based
on the number of servings of the five food groups consumed, and
the level of intake of total fat, saturated fat, cholesterol, sodium
and dietary variety. An HEI score of greater than 80 implies a good
diet, while a score of 51–80 implies a diet that “needs improve-
ment,” and a score of less than 51 indicates a “poor diet.” The HEI
has been shown to be positively associated with nutrient intake
and disease risk.

 

28

 

6.

 

Frequency of consumption and intake data

 

 can also be used to
identify eating patterns associated with various risk factors and
risk behaviors .

 

31,32

 

 Beals and Manore

 

32 

 

observed female athletes
with subclinical eating disorders to have intakes for energy, protein
and carbohydrate below the recommended levels, along with a
heavy dependence on vitamin and mineral supplements. Likewise,
Janelle and Barr

 

33

 

 observed differences in nutrient intake and ade-
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quacy based on dietary patterns. Although relatively few differ-
ences in nutrient intake were observed between nonvegetarians
and lactovegetarians, many differences were observed between
vegetarians and both nonvegetarians and lactovegetarians. No dif-
ferences were observed in energy intakes between nonvegetarian
and vegetarian women, however, the former group consumed
higher amounts of protein than the later (15% kcal vs. 11% kcal).
Nonvegetarians had lower percent energy from carbohydrate and
lower dietary fiber intakes than the vegetarians (54% vs. 58% and
22g vs. 28 g/d). Nonvegetarian females had nutrient intakes greater
than the RDAs except for zinc (92% of RDA) whereas vegetarian
females had intakes lower than RDA for vitamin B

 

6

 

 (98% of RDA),
calcium (96% of RDA), niacin (89% of RDA), zinc (70% of RDA)
and vitamin B

 

12

 

 (70% of RDA). Vegetarian females had significantly
lower mean intakes of riboflavin, niacin, vitamin B

 

12

 

, zinc and
sodium and higher intakes of vitamin C, folacin and copper than
nonvegetarians. Restrained eating scores were also observed to be
negatively associated with energy intake/kg body weight espe-
cially among vegetarians. This study also suggests that no assump-
tions should be made about nutrient intakes based on dietary
practices and nature of dietary patterns can vary significantly
under such broad classifications as “vegetarian,” which, in turn,
can influence nutrient intake.

 

33

 

VI. Dietary Recommendations: Basis for Judgment

 

A. Energy Intake

 

Energy intake should support athletes’ training and competitive schedule to
enable them to achieve their performance goals. Although estimating energy
needs is difficult due to significant day-to-day, season-to-season variations
in activity levels, intensity of training, etc., an analysis of one or more 3-day
food records and stable body weight, which represents a balance between
intake and output, can be used as tools to determine energy needs of the
athletes and the adequacy of their intake.

 

11

 

 Athletes unable to maintain body
weight are likely not consuming sufficient energy to meet the demands of
their activity levels and may be compromising their performance. To increase
energy intake, athletes can either increase the portion sizes of the foods
consumed or increase the number of daily meals and snacks consumed.

Comparing reported nutrient intake as percent of RDA, Witta and
Stombaugh

 

19

 

 observed adolescent female runners over a 3-year period to
have decreased energy intakes from 2150 to 1647 kcal, both of which are
lower than the RDA of 2200 kcals for healthy sedentary females. On the
other hand, during the same time period, dietary energy from carbohydrate
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increased from 53% to 61%, but the mean carbohydrate intake actually
decreased from 1134 to 1011 kcal (from 284 g to 253 g/d) due to a decrease
in energy intake. Thus, on a kg/body weight basis, carbohydrate intake
decreased from 5.5 to 4.7 g/kg/d. Likewise, protein intake decreased signif-
icantly from 1.6 to 1.1 g/kg body weight, which is lower than the recom-
mendations of 1.2–1.7 g/kg body weight for endurance athletes.
Furthermore, intake of micronutrients such as calcium, potassium and
sodium also decreased (50–70% of RDA). An examination of food group
intake revealed limited milk and cheese intake, which may have contributed
to these lower intakes. These runners also decreased their fat intake from
31.7% to 26.4% energy, which could also help explain the decrease in protein
and micronutrient intakes. Despite these changes in nutrient intakes, the
performance times of the runners improved, suggesting that basal metabo-
lism of these athletes is adapting to the lower energy intakes without com-
promising performance.

 

18,19

 

 Furthermore, a greater percent of these runners
(27%) were observed to have higher scores on the eating attitude test, which
is used as a measure of disordered eating and 31% of the athletes reported
experiencing stress fractures by the end of the 3-year period. Thus, a decrease
in energy intake is associated not only with a decrease in macro- and micro-
nutrient intakes, but also with the short- and long-term health status of these
active individuals. Thus, improved athletic performance and decreased
health risks could be used as nutrition education tools to further improve
athletes’ dietary intake and the nutrient adequacy of their diets.

Sugiura et al.

 

34

 

 observed elite male and female Japanese track-and-field
athletes to have mean energy intakes of 3141 kcal and 2508 kcal, respectively,
with an ideal distribution of macronutrients. However, 54% of the males and
65% of the females consumed less than the Japanese RDA (JRDA) for at least
one micronutrient but the intake of these Japanese athletes was observed to
be similar to that of elite American and European athletes but lower than
that of elite Chinese athletes. The inadequate intake of micronutrients by
these athletes could be due to low intakes of dairy foods, eggs, meat, fish
and fruits, consumption of small meals and personal preferences. In spite of
these inadequate intakes, these athletes were able to perform well in their
respective championships by winning 24 out of 43 medals in the Asian
Championship Games, suggesting that the JRDA may not be appropriate
standards for comparison of these athletes’ intakes. On the other hand,
Maughan

 

35

 

 observed professional Scottish soccer players to have higher
energy intake than the general U.K. population, but no differences were
observed in average composition of the diet compared with national aver-
ages. Furthermore, these Scottish players had energy intakes lower than
those in other published reports. Both studies demonstrate that, when com-
paring studies carried out in different countries, even though among similar
groups of athletes, caution should be exercised in the interpretation of the
data because of the differences in dietary habits, nutrition and practices of
nutrition strategies to improve performance.
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B. Carbohydrate Intake

 

Carbohydrates in athletes’ diets provide energy for performance and exhibit
a protein sparing effect.

 

14,36,37

 

 Athletes undergoing prolonged (>60 min) intense
training (65–70% VO

 

2

 

max) require 8–10 g carbohydrate/kg body weight/d,
while those training for less than 60 min/d require 5 g carbohydrate/kg body
weight/d.

 

14,36,37

 

 A minimum of 200 g carbohydrate/d is recommended to
maintain liver glycogen stores to meet the energy needs of activity.

 

14,36,37

 

 Suf-
ficient muscle glycogen stores is important for optimum endurance perfor-
mance and training adaptation because of its role as a major provider of energy.
Thus, insufficient carbohydrate intake can result in chronic muscle fatigue
during repeated days of intense training and during competition. Tanaka et
al.

 

38

 

 observed that male runners had energy intakes of 55–57 kcal/kg body
weight/d similar to the RDA of 58 kcal/kg body weight/d for exceptionally
active men, whereas the female runners had intakes of 36 kcal/kg body
weight/d, which was similar to the RDA for females with light to moderate
activity levels, despite these runners competing at similar levels. However, the
male runners consumed less than the recommended carbohydrate intakes
(56% vs. 60–70% kcal) on percent energy basis and the female runners con-
sumed 65–67% kcal. Likewise, on a kg body weight basis, the female runners
had an intake closer to recommendations (6 g/kg body weight/d vs. 8 g/kg
body weight/d). This suggests that gender-appropriate comparisons should
be made when comparing nutrient intakes and adequacy of intakes. Further-
more, simple carbohydrate intake was observed to be significantly different
between training and competitive periods in both groups, suggesting that the
time period (training, competition or off-season) when the dietary assessment
is conducted should be kept in mind when assessing adequacy and compar-
isons should be made with appropriate time-specific recommendations and
intakes adjusted appropriately.

 

C. Protein Intake

 

Heavy resistance exercise stimulates muscle growth, however, increasing
dietary protein has not been shown to be necessary for maximum muscle
development.

 

1,16

 

 RDA for protein (0.8 g/kg body weight/d) has been deter-
mined using sedentary individuals.

 

11

 

 An adequate energy intake can ensure
the efficient use of dietary protein, but inadequate intake of energy will result
in the use of protein to meet the energy needs of activity. Dietary protein
intake in excess of the current RDA may be required for optimal muscle
growth, especially for individuals involved in heavy resistance-training
exercises, who have been observed to require 1.7–1.8 g protein/kg body
weight/d.

 

1,16

 

 However, benefits of high protein intake have been observed
to plateau at intake levels well below those typically consumed by athletes.

 

1,16

 

Intakes greater than 2 g/kg body weight/d have not been shown to be
beneficial to strength athletes and their performance benefits are unproven
at the present time.

 

1,16

 

 Such high intakes can also result in diuresis and
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dehydration. Furthermore, consumption of dietary protein in excess of the
physiological needs can result in compromising the carbohydrate status of
athletes and can adversely affect their performance during training and
competition.

It should be recognized that inadequate energy intake is often the limiting
factor for athletes attempting to increase muscle mass.

 

1

 

 Although endurance
athletes do not develop muscle mass to the same extent as strength athletes,
studies have shown that dietary protein intake greater than the RDA may
be required to meet the amino acid needs that arise due to the increased
oxidation associated with the intensity and duration of endurance sports.
Endurance trained individuals may need to consume 1.2–1.4 g protein/kg
body weight/d to meet their needs.

 

16

 

 The typical American diet provides
this amount of protein as long as a mixed diet providing adequate energy
is consumed. Individual athletes who restrict energy intake or high-quality
protein intake, such as vegetarians, may be at risk of consuming insufficient
protein.

 

33,39,40

 

D. Fat Intake

 

Athletes typically believe that low fat intake results in lower body fat and
better performance and thus typically consume very low-fat diets.

 

1,9,40

 

 How-
ever, in physically active athletes consuming adequate calories, no correla-
tion has been observed between fat intake and percent body fat and therefore,
restricting fat intake may not be advisable.

 

1

 

 Fat is an important source of
energy for light- and moderate-intensity activity and during long-duration
aerobic activity. At least 20% energy should be provided by fat in the diets
of athletes, given the role of fat in providing energy for athletes involved in
prolonged, low-intensity activity.

 

27,15 

 

Restricting fat intake to less than 15%
of energy intake is not advisable because it will not only limit performance
by inhibiting intramuscular triglyceride storage, which is a significant source
of energy during activities of all intensities, but will also affect important
physiological functions.

 

E. Vitamin and Mineral Intake

 

Although vitamins and minerals are not a source of energy, they play a vital
role in energy metabolism and overall health. RDAs for vitamins and min-
erals are defined to prevent nutrient deficiencies and are not targeted or
determined based on physical activity levels.

 

11,21

 

 Studies typically have
shown athletes to have adequate intakes of vitamins and minerals as long
as energy intake is appropriate. Adequate energy intake and variety in
dietary intake typically can ensure adequate intakes of these micronutrients,
however, typically iron and calcium are two main micronutrients that are
often deficient in the diets of athletes.

 

41,42

 

 Athletes who have been observed
to have vitamin and mineral deficiencies are typically those who are on a
weight loss diet, have specific body composition criteria, have restricted
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variety in dietary intake, limited access to food or eating disorders.

 

22

 

Rapidly growing male athletes, female athletes with heavy menstrual
losses, athletes on energy-restricted diets, distance runners who may have
increased gastrointestinal bleeding and those training heavily in hot cli-
mates with profuse sweating are most likely to have low iron stores and
therefore, their dietary iron intake may need to be monitored and intake
increased. An adequate calcium intake is important in maintaining bone
strength and insufficient calcium has implications for stress fractures and
osteoporosis in the future. Most female athletes need to increase their
calcium intake to meet the RDAs and this can be achieved by incorporating
low-fat and nonfat dairy products, calcium fortified fruit juice and soy
milk and tofu with calcium sulfate.

With marginal deficiencies of thiamin, riboflavin, B

 

6

 

 and vitamin C, a
decrease in maximal aerobic capacity and anaerobic threshold were
observed in normal healthy men, which improved with repletion.

 

17

 

Although exercise has been shown to increase free radical production, the
use of antioxidant vitamins such as C, E and 

 

β

 

-carotene have not shown
a consistent effect on recovery from exercise. Excessive use of vitamin and
mineral supplements, a common practice among athletes, can result in
nutrient imbalances and may be harmful to the individuals. Singh et al.

 

43

 

observed that a high-potency multivitamin and mineral supplement did
not enhance physical performance in individuals with normal biochemical
measures of vitamin and mineral status while maintaining their normal
level of physical activity and consuming an adequate diet.

Rankinen et al.

 

44

 

 observed male Finnish athletes to have higher energy
and micronutrient intakes than controls and higher than the age-specific
RDAs except for vitamin D intake, while no differences except for niacin
were observed between female athletes and controls. The high-energy
intakes of the male athlete may explain the high vitamin and mineral
intake, and an abundant consumption of dairy products by this group of
Finnish athletes may also explain the higher calcium intakes. Furthermore,
in pubescent club-level athletes, Fogelholm et al.

 

45

 

 observed a positive
relationship between body weight and changes in height, skinfolds, mus-
cle girth, dietary copper (boys), iron (girls) and weight related energy
intake (girls). Nutritional requirements are increased during puberty and
are further affected by athletic training, however, this group of athletes
had dietary intakes similar to or higher than the respective intakes of the
control groups, suggesting that participation in club-level sports training
is not detrimental to trace element status during puberty as long as an
adequate quality diet is consumed.

Kaiserauer et al.

 

46

 

 observed amenorrheic runners (AR) to have inade-
quate energy intakes based on RDAs with deficiencies in protein, fat,
thiamin, riboflavin, calcium, iron, magnesium and zinc, probably as a
result of inadequate energy intakes. These inadequate intakes were greater
than in the regularly menstruating runners (RMR) and sedentary controls.
Moreover, a greater percent of the AR (25%) were vegetarians, none of
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whom consumed any red meat, while only 11% of RMR were vegetarians
with 44% consuming no red meat. Nutritional inadequacy, along with
daily intense exercise and energy deficits, could be the main factors result-
ing in amenorrhea in this group of runners. Similarly, Steen et al.

 

47

 

observed female heavyweight collegiate rowers to consume 2633 kcal/d
with 51% kcal from carbohydrate (4.9 g/kg body weight), 13% kcal from
protein (1.4 g/kg body weight) and 36% kcal from fat. Although all rowers
met 100% of the RDA for vitamins A and C, thiamin, riboflavin, niacin
and folate, only 70% met 100% of the RDA for vitamin B

 

6

 

 and only 80%
met 100% of the RDA for vitamin B

 

12

 

. Furthermore, suboptimal intakes of
calcium, magnesium, iron and zinc were observed. Six percent of these
athletes had calcium intakes less than two thirds of the RDA and 19% had
zinc intakes less than two thirds of the RDA. Thus, in spite of an energy
intake higher than the age- and gender-specific RDA of 2100 kcal, these
athletes had micronutrient intakes less than recommendations. Low
intakes of dairy foods, beef and poultry could have contributed to the
lower micronutrient intakes, while intake of salad dressings, mayonnaise,
cream sauces, cakes, cookies and chips could have contributed to the high
fat intakes and thereby the higher energy intakes. Furthermore, main
sources of protein were tuna fish, cheese and frozen yogurt, which could
explain the lower intake of calcium. An in-depth analysis of dietary intake
practices is required when assessing these micronutrient intakes to deter-
mine causes for the inadequate intakes.

 

VII. Summary

 

Adequate nutrient intakes by athletes is important to meet not only the
demands of their increased physical activity and performance but also the
demands of their growth and development (young athletes) and for their
short- (injury risk) and long-term (chronic disease risk) health. Regular
assessments of the dietary intakes of athletes are required to identify poten-
tial problem areas. A combination of methods should be used to assess
adequacy of intake. National standards and guidelines are the most com-
monly used measures to determine adequacy of intake of athletes’ diets. At
the minimum, athletes should try to achieve these standards for maintenance
of health and may need to further increase their intakes based on the
demands of their sport and activity levels. Existing evidence suggests that
performance and health of athletes can be compromised at intake levels
below the national recommendations. In addition to absolute nutrient
intakes, dietary intake patterns should be examined to identify potential
causes of inadequate intakes. Furthermore, these measures need to be vali-
dated against biochemical, anthropometric and clinical parameters to deter-
mine the nutritional status of athletes and the adequacy of their dietary
intakes.
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I. Introduction

 

In the past two decades, awareness of the importance of diet and exercise
to health and well-being has grown. However, the use of dieting and exercise
to extremes that can provoke injury and death has become a growing prob-
lem. Perhaps this is inevitable in cultures where the attitude, “If a little is
good, a lot must be better,” prevails. Unlike chemical addictions or criminal
behavior, eating and exercise behaviors are often viewed as positive choices.
While a commitment to a healthy diet and regular exercise do not constitute
disordered behavior, there are patterns within each of these choices that do
appear to be dysfunctional. These patterns have been given a variety of
names; some such as anorexia nervosa are bona fide medical diagnoses.
Others, such as exercise dependence, have only recently appeared in the
literature and have yet to be included in the 

 

Diagnostic and Statistical Manual
of Mental Disorders 

 

(DSM-IV).

 

1

 

Athletes, who may be expected to maintain a low body weight as part of
their sport participation, may be at particular risk for developing harmful
eating and exercise habits. In the process of trying to meet the expectations
of coaches, trainers, and parents, eating and exercise behaviors may drift
into regimens that no longer reflect internal cues of hunger and fatigue. As
nutrition intake decreases and caloric expenditure increases, these behaviors
may exceed the individual’s ability to replenish the energy that has been
consumed in training. Mood changes may occur and performance may be
impaired. The literature consistently documents that athletes in the aesthetic
sports (e.g., gymnastics, figure skating, ballet) report greater body dissatis-
faction and more persistent dieting than athletes in other sports (e.g., bas-
ketball, volleyball, field hockey). The inability to control weight and body
shape can lead to frustration, guilt, and even despair.

Athletes with a history of low self esteem and difficulty with problem
solving and handling stress independent of their training history, may turn
to food as a coping mechanism. What began as a casual diet or an extra
workout to shed a few pounds to please the coach or improve performance
can end in a lifelong battle with food or exercise dependence. In the athletic
world, it is not uncommon for athletes to be disciplined and determined,
and to push the limit of physical performance. The line between normal
training routines (e.g., long workouts, pre-game food rituals, skipping meals)
and eating disorders is often very fine. In fact, behaviors that would be
suspect in a nonathlete may be validated or encouraged on the athletic field.
By the time an eating disorder is even suspected, the behaviors could be
well ingrained and challenging to address.

Whether an individual is an athlete or not, the definitions for healthy eating
and disordered eating remain the same. Healthy eating is defined as:
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• Consuming balanced meals and snacks at regular times
• Eating enough calories to maintain a healthy weight
• Eating to maintain health
• Eating to enhance performance

Disordered eating is defined as eating — or not eating — more often in
response to external cues (e.g., a diet) as opposed to internal cues (e.g.,
physical hunger). A person whose eating is disordered is more likely to eat
to demonstrate “willpower,” to follow a preplanned “diet,” to manipulate
weight or to eat in response to emotions, than to eat as a response to internal
regulatory mechanisms. The risks of disordered eating include malnutrition,
impaired athletic performance, and exacerbation of mental health issues such
as depression.

Almost everyone experiences disordered eating at some time in life. It is
when the time spent in external eating is greater than the time spent eating
in response to internal hunger cues that the situation can develop into an
eating disorder. Athletes, coaches, trainers, team physicians, and sports
nutritionists need to be aware of the special needs of athletes with weight
concerns and to help them safely achieve a body weight that promotes
optimal health and performance. This chapter presents an overview of eating
and exercise disorders in athletes, including definition and diagnostic crite-
ria, risk factors, effects on health and performance, and the role of the sports
nutritionist in treatment.

 

II. Definitions and Diagnostic Criteria

 

According to the fourth edition of the DSM-IV, eating disorders are character-
ized by severe disturbances in eating and exercise behaviors.

 

1

 

 The term eating
disorder typically refers to anorexia nervosa, bulimia nervosa, or binge eating
disorder. However, eating disorders can range from anorexia nervosa to obe-
sity, and new variations (e.g., anorexia athletica, exercise dependence) are
being proposed as they are identified. Within this continuum are found a
number of categories for disorders that do not meet specific DSM-IV criteria,
including concerns about weight and shape, excessive dieting, and bingeing
behaviors. While the criteria for a given diagnosis may be specific, the common
thread that connects these diagnoses is a situation of imbalance; eating and
exercise behaviors develop into a compulsive behavior that results in an inabil-
ity to perform activities of daily living, to socialize, sleep on a normal schedule,
to exhibit appropriate emotional and behavioral responses to daily events, and
to maintain metabolic functions that sustain life.
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A. Anorexia Nervosa

 

Anorexia nervosa is a disorder in which anxiety, compulsive tendencies, and
preoccupation with food and dieting lead to excessive weight loss. With this
disorder, issues related to food and weight (e.g., nutritional content of indi-
vidual foods, mealtimes, weight on the scales) become highly emotional.
Despite an emaciated body, anorexics see themselves as fat when they look
in the mirror.

Anorexia is characterized by four primary presentations:

1. Body weight less than 85% of expected weight or body mass index
(BMI) less than 17.5

2. Intense fear of weight gain
3. Inaccurate perception of own body size, weight, or shape
4. Amenorrhea

The classic anorexic is intelligent, a high achiever and willing to please.
The individual may have been slightly overweight as an adolescent, and on
the subtle suggestion of a coach or family member, began to diet. A low
body weight was achieved either through anxiety related to an emotional
stressor or restricting food. Because losing weight often encourages positive
feedback from peers, family and coaches, behaviors that maintain weight
loss can develop to maintain the body shape that received the compliments.
These rituals can include frequent weigh-ins, skipping meals, counting fat
grams and exercising excessively to burn calories developed. Anorexia com-
monly coexists with some psychiatric diagnosis having an anxious compo-
nent (e.g., anxiety disorder, obsessive-compulsive disorder).

 

2 

 

When these
conditions exist, it is not uncommon to hear clients describe a recent signif-
icant life change or trauma (illness, puberty, parental divorce, moving to
college) that likely raised their stress level over an extended period of time.
Regardless of how the weight loss initially developed, when low body
weight is maintained, the resulting malnutrition can affect central nervous
system function and exacerbate the problem.

Anorexia is a potentially life-threatening disorder. Treatment is important,
as evidence is emerging suggesting that brain tissue is lost with chronic
caloric restriction, increasing the likelihood of permanent disability and
impaired functioning in the untreated individual. Although many people
undergo a single episode of anorexia and fully recover, unsuccessful treat-
ment can result in death related to medical complications including cardiac
atrophy, electrolyte imbalance and even death.

 

3

 

 The consequences of anor-
exia nervosa cannot be minimized, as the disease has the greatest mortality
rate of any psychiatric diagnosis and a suicide rate equivalent to that of
schizophrenia. This places the 0.5 to 1% of adolescent and young women
who have the disease at great risk if left unrecognized and untreated.
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B. Bulimia Nervosa

 

Bulimia nervosa occurs in roughly 2 to 5% of the population. On college
campuses, the incidence may be as high as 20% of all women. It is described
as recurring episodes of binge eating, usually followed by purging. To meet
the criteria, the binge eating and purging must occur, on average, at least
twice a week for 3 months.

 

1

 

 Purging is defined as a deliberate behavior
designed to compensate for ingested calories. Examples of purging behaviors
include dietary restriction, self-induced vomiting, misuse of laxatives or
diuretics, or excessive exercise.

Bulimia is characterized by four primary presentations:

1. Recurrent binge eating
2. Recurrent purging, excessive exercise, or fasting
3. Excessive concern about body weight or shape
4. Absence of anorexia nervosa.

The typical bulimic is an 18- to 25-year-old Caucasian female who is con-
cerned about her appearance, though she is usually of normal weight or only
slightly overweight. To control her weight, the bulimic becomes entrapped in
a vicious cycle: diet, starve, binge and purge. The binge–purge behavior occurs
in an effort to relieve guilt and shame. Some evidence is emerging to suggest
that both bingeing and purging also affect biochemical balance in the central
nervous system and may serve as forms of self-medication when an imbal-
ance of energy substrates and neurotransmitters exists.

Bulimics, by their nature, are very secretive, which is why this disorder is
often difficult to diagnose. Unlike anorexia, where extreme weight loss is
apparent, many physical features of bulimia do not appear until late in the
course of the illness. Common signs of binge–purge behavior include swollen
parotid glands (cheeks), calluses on the backs of hands and dental erosion.

 

C. Binge Eating Disorder

 

Binge eating disorder is a serious and prevalent problem among the over-
weight population.

 

4

 

 It is characterized by recurrent overeating episodes
wherein an individual consumes a large amount of food while feeling a loss
of control over eating behaviors.

 

1

 

 This disorder differs from bulimia nervosa
in that compensatory behaviors, such as purging, fasting, and compulsive
exercise are not present. Binge eating disorder is characterized by the fol-
lowing criteria:

 

1

 

1. Recurrent episodes of binge eating (consuming, within any 2-hour
period, a large amount of food, being unable to control eating
during the episode)
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2. Eating until uncomfortably full
3. Eating large amounts of food, even when not physically hungry
4. Eating alone out of embarrassment
5. Feelings of disgust, depression, low self-esteem, lack of willpower
6. Occurs, on average, at least 2 days a week for at least 6 months
7. Not associated with the regular use of inappropriate compensatory

behaviors (i.e. purging, fasting, excessive exercise).

Binge eating disorder is frequently associated with a history of depression,
low self-esteem, and personality disturbances. A distorted body image and
preoccupation with food are also prevalent. Although binge eating disorder
is not usually an issue with athletes, it is likely to manifest in the case of a
serious injury, when physical activity is eliminated or curtailed as part of
the rehabilitative treatment plan. Athletes who may have been in denial
about the possibility of an eating disorder as long as they could train and
compensate physically for calories eaten may be forced to face the fact that
their exercise and eating behaviors were not without dysfunction.

 

D. Muscle Dysmorphia

 

Muscle dysmorphia is a relatively new term used to describe individuals
who are pathologically preoccupied with being fit and muscular. It is a form
of body dysmorphic disorder (BDD), which is an obsession with a defect in
visual appearance, usually involving the face, skin, hair or nose.

 

5

 

 Muscle
dysmorphia is not considered an eating disorder but rather a psychiatric
disturbance involving body image.

Muscle dysmorphia affects both men and women, although it may be more
common in men. Individuals with this disorder have extreme body dissat-
isfaction coupled with low self-esteem and depression. Despite being large
and muscular, they perceive themselves as small and weak.

 

5

 

 Athletes with
muscle dysmorphia can become completely consumed with weightlifting
and dieting in an attempt to achieve their ideal body shape. They can become
extremely anxious if something interferes with their daily ritual. The indi-
vidual frequently gives up important social, occupational, or recreational
activities to maintain a rigorous workout and diet regimen. Abuse of anabolic
steroids and other substances is common.

 

6

 

Muscle dysmorphia parallels obsessive-compulsive disorder in that the
person exhibits obsessive thoughts and behaviors, such as checking, com-
paring, seeking reassurance and excessive exercise.

Characteristics associated with muscle dysmorphia include:

 

5

 

1. Preoccupation with body size
2. Long hours of lifting weights
3. Excessive attention to diet
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4. Sacrifice of important social, occupational or recreational activities
to maintain the desired workout and diet schedule

5. Avoidance of situations where one’s body is exposed to others
6. Clinically significant distress related to preoccupation with body

size
7. Fear of being too small or not muscular
8. Persistent use of harmful ergogenic substances and exercise and

diet patterns despite the knowledge of associated physical and
mental health consequences

 

E. Anorexia Athletica

 

This category has not yet been included in the DSM-IV, but is important to
recognize. Also called a “subclinical eating disorder,” this presentation may
be the initial sign that an athlete is headed toward a more serious problem.
Intervention at this point may prevent the development of the diagnoses
described above. The proposed diagnostic criteria for anorexia athletica are:

 

1

 

1. Preoccupation with food, calories, body shape and weight, as evi-
denced by a score of 20 on the Eating Attitudes Test (EAT-26)

2. Distorted body image, as evidenced by a score of > 14 on the body
image dissatisfaction scale of the Eating Disorder Inventory (EDI)

3. Intense fear of gaining weight or becoming fat even though mod-
erately or extremely underweight (5% to 15% below normal weight
for height) or extremely low body fat

4. Over at least a 1-year period, the athlete maintains a body weight
below “normal” 9%–15%) for age and height using one or a com-
bination of the following:
• restricting energy intake (energy intake < 80% of energy expen-

diture)
• severely limiting food choices or food groups, as evidenced by

food frequency, a 7- to 14- day diet record, or both
• excessive exercise (i.e., more than necessary for success in sport

or as compared with athletes of similar fitness levels
• absence of medical illness or affective disorder explaining the

weight loss or maintenance of low body weight
5. Gastrointestinal complaints
6. Menstrual dysfunction (i.e., primary or seconday amenorrhea or

oligomenorrhea)
7. Frequent use of purging methods (i.e., self-induced vomiting or

use of laxatives or diuretics for at least 1 month)
8. Bingeing (< 8 episodes per month for at least 3 months)
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F. Exercise Dependence

 

While exercise is often promoted as one of the best ways to relieve stress,
control weight and improve cardiovascular health, recreational running has
also been identified as a behavior on which one can become dependent.

 

7

 

Individuals with this tendency seem to have more of an inability to maintain
a perspective of moderation in their running efforts. This syndrome is
present if people believe they require exercise daily and if signs of with-
drawal manifest when exercise is deprived for any reason. These withdrawal
effects could become sufficiently severe to promote continued exercise even
when it is medically unadvisable, interferes with the addict’s work, or causes
serious social conflicts. This syndrome is most commonly described in the
literature as “obligatory running.”

 

8

 

Veale

 

9

 

 noted the relationship between exercise dependence and other
dependence syndromes and coined the term “exercise dependence.” Veale
also found similarities among the profiles of exercisers displaying compul-
sive behaviors. Most consistent is the tendency to develop a mood disorder
when the exercisers, particularly runners, are unable to exercise. This mood
disorder manifests itself as depression, irritability, impaired concentration
and sleep disturbance, all of which define a withdrawal state. The with-
drawal symptoms are relieved by exercise but, as exercise continues, a tol-
erance level is reached and the exercisers believe they must increase the
amount of exercise to relieve or avoid withdrawal. Veale proposed the fol-
lowing set of diagnostic criteria for exercise dependence:

1. A rigid stereotyped pattern of exercise performed at least once a day
2. Prioritizing exercise over other activities
3. Developing a tolerance to the level of exercise
4. Experiencing withdrawal symptoms in the form of mood alter-

ations when unable to exercise
5. Avoiding withdrawal or relieving it by exercising
6. Exercising against the advice of a health professional
7. Continuing the exercise pattern even though it causes work, family

or social difficulties
8. Weight loss to enhance exercise performance
9. Awareness of the compulsion to exercise

 

G. Eating Disorders Not Otherwise Specified

 

Many young women and men can experience a preoccupation with food,
exercise and weight, but without neatly fitting into the diagnostic catego-
ries described above. The DSM-IV refers to situations where all of the
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diagnostic criteria are not met, yet exercise and food behaviors are creating
a problem. This diagnosis is called 

 

eating disorders — not otherwise
specified 

 

(ED-NOS).

 

1

 

 The term “subclinical eating disorder” has also been
used to identify individuals who display some, but not all of the signs of
an eating disorder. These individuals may restrict food intake significantly
but not enough to be diagnosed as anorexic.

 

1

 

 

 

They may also binge and
purge, but only occasionally. Regardless of the situation, serious eating
problems and health consequences can develop if the proper education
and support are not provided.

 

III. Prevalence of Eating Disorders in Athletes

 

Athletes have followed bizarre diets and rigorous training schedules since
ancient times. However, not until the last 20 years have researchers really
looked at actual numbers of athletes afflicted with these behaviors and
the impact they can have on health and performance. Early studies on the
prevalence of eating disorders in athletes focused more on pathogenic
weight control behaviors than on physical symptoms.

 

10

 

 More recent data
have used self-reported questionnaires including the 40-item Eating Atti-
tudes Test (EAT)

 

11 

 

or the 64-item multiscale Eating Disorder Inventory
(EDI)

 

12

 

 to measure the wide range of psychological and behavioral traits
common in individuals with eating disorders.

Sundgot-Borgen

 

13

 

 evaluated the prevalence of eating disorders in 522
Norwegian elite female athletes representing 35 different sports, using the
EDI as the screening instrument. Athletes were interviewed and then
clinically examined. According to Sundgot-Borgen, both personal inter-
views (survey data) and clinical examinations are necessary to obtain
reliable data on the prevalence of ED in athletes.

Results showed that 18% of the total population met the criteria for an
eating disorder. When data were compared between sport groups, notable
differences were observed. Eating disorders were significantly higher
among athletes in aesthetic (34%) and weight-dependent (27%) sports than
in endurance (20%), technical (13%), and team sports (11%). Further anal-
ysis revealed differences within sport groups. For example, within the
endurance-sport group, the prevalence was significantly higher in cross-
country skiers (33%) than orienteers (0%). In another large study involving
363 athletes (173 females and 190 males) representing 21 different sports,
Fogelholm and Hiilloskorpi

 

14

 

 reported that the prevalence of weight and
diet concerns was highest among athletes in weight-class sports (judo,
wrestling, boxing, and karate) and aesthetic sports (ballet, gymnastics,
and figure skating).
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IV. Etiology

 

Many sociocultural, familial and psychological factors have been implicated
in the development of eating disorders (Table 4.1).

 

15

 

 Females have tradition-
ally been at greater risk, presumably because society places greater demands
on women to achieve and maintain an ideal body shape. However, in recent
years, the incidence of eating disorders in males has been recognized as a
growing problem.

 

16

 

 Even young children who are underweight for their
height are dieting to combat fears of being overweight and not being
accepted by their culture.

 

17

 

 For many girls, weight and dieting concerns
emerge as early as 8 years of age.

 

18

 

Dieting appears to be a major predictor of an eating disorder.

 

19,20

 

 A recent
study involving adolescents concluded that females who dieted (severely
restricted food intake) were 18 times more likely to develop an eating dis-
order than those who did not diet.

 

20

 

 Even subjects who dieted at a moderate
level were five times more likely to develop an eating disorder than those
who did not. For many athletes, weight concerns and, subsequently, dieting,
becomes the focal point of their athletic existence.

 

21

 

 Athletes who are strongly
committed to their sport are at greatest risk of dieting to improve appearance
and chances of success. Another factor implicated in the development of
eating disorders in athletes relates to the emphasis some sports place on
weight and appearance. Two large-scale studies involving athletes from a
variety of sport groups concluded that aesthetic and weight-dependent
sports have a higher percentage of athletes with eating disorders.

 

22, 23

 

 In
sports where athletes are judged on appearance, presentation, and perfor-
mance, there is enormous pressure to achieve an ideal body shape. Many
athletes fall victim to eating disorders in a desperate attempt to be thin to
please coaches and judges.

Some athletes do not have the genetic makeup to attain the “ideal body”
for their particular sport.

 

24

 

 There are three basic body types:

•

 

Ectomorph, 

 

or lean and slightly muscular
•

 

Mesomorph

 

, or naturally muscular and strong
•

 

Endomorph,

 

 or stocky in build with wide chest and hips and short
bones.

Most individuals exhibit a predominance of one body type with aspects
of the other two. For the endomorph, weight gain is easy and fat loss is
difficult. This body type may not be as naturally inclined to excel in certain
sports; in frustration, it can be easier to blame performance on the visually
obvious difference (weight) than it is to consider genetically programmed
differences in bone and muscle structure and center of gravity.

Do athletics cause an eating disorder? Personality characteristics that can
be of benefit in sport participation (e.g., high self-expectation, perfectionism,
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competitiveness) may become a problem when combined with pressures
from coaches and parents to meet certain weight and performance expecta-
tions. One study found that athletes at risk for an eating disorder are those
who are experiencing considerable distress achieving self-identity, who are
conflictually dependent on their parents and who engage in destructive
forms of self-restraint.

 

25

 

A. Warning Signs

 

Detection of eating disorders among athletes can be very difficult because
many pathogenic weight control behaviors are secretive in nature. Athletes
may avoid treatment or underreport disordered eating behaviors for fear of
being discovered and losing their position on the team

 

. 

 

Preoccupation with
weight and dieting do not automatically signal an eating disorder. Some
athletes may show signs of disordered eating during the season but resume
normal eating habits when the season is over. Coaches and trainers must
recognize when healthy training routines become an obsession and when
an athlete is using pathogenic weight control behaviors to become thin. An
assessment is warranted if the athlete displays any of the following warning
signs:

• Negative comments about food
• Omission of entire food groups such as meat or dairy
• Dramatic decrease in performance
• Excessive concerns about weight
• Dramatic weight loss
• Mood swings
• Depression
• Wearing baggy and layered clothing
• Social withdrawal from teammates
• Visits to the bathroom following meals.

 

V. Primary or Secondary Disorder?

 

There is accumulating evidence that eating disorders may present both as
primary and secondary behavioral disorders. Some researchers suggest that
the most substantial physiology indicating eating disorders relates to mood
alteration.

 

26-31 

 

Correlations between nutrition and exercise habits and mood,
cognitive functioning, occupational performance, and sleep patterns are
well-documented in the literature. In addition, exercise is often prescribed
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as a means of reducing stress; the “runner’s high” is a commonly accepted
phenomenon associated with regular running.

The greatest difficulty in defining eating disorders is the lack of a specific
physiological or biochemical marker. Numerous attempts have been made
to measure changes in plasma or urinary catecholamines, corticosteroids and
endorphins, but no specific, sensitive test has yet been identified. Empirical
evidence for the existence of these disorders has been largely based on self-
report of behaviors, a very subjective measurement. Perhaps the best
“marker” to distinguish between nonabusive and healthful food and exercise
choices is the refusal to change behaviors in the face of medical, occupational,
social, or familial contraindications. Some researchers have proposed that
eating disorders may actually be a form of obsessive-compulsive behavior,
which is a common comorbid condition in anorexia nervosa, bulimia ner-
vosa, and binge eating disorder.

 

32

 

 The connection has been proposed with
the other diagnoses, but has yet to be formalized. Based on the literature,
there appear to be four models of disease etiology currently in favor:

1. Eating disorders and exercise dependence are separate syndromes.
2. Exercise dependence overlaps with and leads to eating disorders.
3. Both eating disorders and exercise dependence are aspects of

another disorder.
4. Exercise dependence is a variant of eating disorders.

 

A. Separate Syndromes

 

Veale

 

9

 

 separates primary exercise dependence from exercise dependence that
is secondary to an eating disorder. He argues that “a diagnosis of primary
exercise dependence can be differentiated from an eating disorder by clari-
fying the ultimate aim of the exercise.” When performance of the exercise
itself is the end point, with dieting and weight loss used as a means to
improve performance, then the behavior should be classified as primary
exercise dependence. In anorexia nervosa, the aim of excessive exercise is
for achieving weight loss or preventing fatness, making the exercise a sec-
ondary behavior.

Bamber, Cockerill, and Carroll

 

33

 

 made a somewhat finer distinction
between exercise dependence and eating disorders, finding distinctive psy-
chological differences between the following groups:

1. Primary exercise dependence without evidence of a comorbid eat-
ing disorder

2. Secondary exercise dependence occurring in conjunction with an
eating disorder

3. Eating disorder without evidence of exercise dependence
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In a sample of female exercisers given the Reasons for Exercise Inventory,
Appearance/Motive was the only reason associated with a negative body
image. The authors suggest that female exercisers who specifically cite
weight control, muscle tone or attractiveness as reasons for exercising should
be examined for eating disorders but that excessive exercising in males is
not related to disordered eating.

In contrast, a well-designed study of females showed that obligatory exer-
cisers did not demonstrate disordered eating tendencies compared with
symptomatic bulimics and controls

 

34

 

 

 

bulimics who exhibited excessive exer-
cise were excluded from this study, and the groups, while equal, were small
(n = 25 in each). The researchers used a number of reliable, valid instruments
to measure disordered eating behaviors, one being the EAT-26. While the
obligatory exercisers in this study had significantly lower scores than the
bulimics, the mean score was positive for an eating disorder (24) with a
relatively large standard deviation (+ 11.8). The authors expressed concern
that some of the obligatory exercisers in this sample may have shown signs
of disordered eating, or may have had a prior history of eating disorder.
However, the subscale scores and the scores on the remaining scales did not
indicate an overlap of exercise dependence and eating disorders.

 

B. Exercise Dependence Leads to Eating Disorders

 

In this model, normal, healthy exercise would progress to an excessive pat-
tern. Accompanying diet manipulations would lead to the development of
an eating disorder

 

. 

 

While Veale

 

9

 

 maintains that the goal of the exercise
differentiates the two, Dewsnap

 

35

 

 points out that “exercise aims” are abstrac-
tions and individuals with anorexia may not provide an honest answer to
their aims. Another possibility is that while individuals with anorexia may
be aware of their drive to exercise, they may not understand the core reason
for its existence. In an attempt to make sense of it, they may explain it with
behaviors that make sense to them (i.e., I must be doing this to lose weight.)
Finally, a person with a compulsive exercise habit who says that the aim of
his exercise is to develop higher levels of fitness may be equating fitness
with lower levels of body fat. Thus, while in theory “exercise aim” may be
important to identify, defining this feature may not be possible in practice.

Because excessive exercise is a diagnostic criterion for anorexia nervosa
and bulimia nervosa,

 

1 

 

several researchers have studied the role that exercise
plays in these disorders. Richert and Hummers

 

36 

 

found that, among the 345
college students participating in their survey, duration of jogging related to
higher scores on the EAT-26. These authors thought that hours of jogging
among college students could be a predictor for eating disorders. However,
the correlation coefficient, while statistically significant, was small (r = 0.20),
data from males and females were not analyzed separately, and the “at risk”
comparison group consisted of 29 students who scored higher than 30 on
the EAT-26. In a more comprehensive study, 60 female college students were
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recruited into three equal categories: (1) distance runners who had lost at
least 4.5 kg without diet manipulation, (2) individuals with bulimia, and (3)
non-dieter non-exerciser controls. No differences were found between the
runners and the controls using valid measures of depression, bulimic symp-
toms and body image disturbance. However, the individuals with bulimia
had significantly higher scores on all measures. The mean scores for these
individuals were all indicative of disorder. The authors stated that their
findings could not support the notion that distance runners are at risk for
eating disorders.

Contrary to the previous study, Davis et al

 

37

 

 found that excessive exercise
preceded the onset of eating disorders. When hospitalized eating disorder
patients and age-matched controls were interviewed regarding both their
physical activity history and their eating disorder history, 78% engaged in
excessive exercise, 60% were competitive athletes prior to the onset of their
disorder, 60% reported that sport or exercise predated dieting, and 75%
claimed that physical activity levels steadily increased during the period
when food intake and weight loss decreased the most. The authors con-
cluded that, “Sport/exercise is an integral part of the pathogenesis and
progression of self-starvation.” Brewerton et al.

 

38 

 

found excessive exercise to
be more common among anorexic patients than bulimic patients, but 28%
of their sample were compulsive exercisers. These researchers suggested that
coaches and family members need to be alert to excessive exercising as an
indicator of anorexia nervosa.

 

C. Another Disorder Underlies Both

 

Some researchers and clinicians have suggested that both eating disorders
and exercise dependence are manifestations of another psychiatric disorder.
Veale

 

9

 

 

 

likened exercise dependence to a compulsive behavior and stated that
the proposed diagnostic criteria were based on “the core features of a depen-
dence syndrome.” Rudy and Estok

 

7

 

 also defined exercise dependence as an
addictive behavior. Davis and Claridge

 

39

 

 discuss the possibility that anorexia
nervosa is an addiction to the body’s own opioids. Despite the many possi-
bilities presented, the most common root disorder discussed in the research
as underlying both eating disorders and exercise dependence remains
obsessive-compulsive disorder. Matsunaga et al.

 

40

 

 found strong evidence
of obsessive-compulsive behaviors that were beyond those related to the
disorder itself among patients suffering from anorexia nervosa. The findings
of Davis et al.

 

41 

 

suggest that among women with anorexia, obsessional per-
sonality characteristics are linked to high-level exercising, and that exercising
is associated with a greater degree of obsessive-compulsive symptomatology.

The relationship between serotonin imbalance, obsessive-compulsive disor-
der and eating disorders is well documented in the literature. Both obsessive-
compulsive disorder and eating disorders respond to selective serotonin
uptake inhibitor (SSRI) therapy. Currently, there are no reports of the response
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of exercise dependence to these medications. However, Dwyer and Browning

 

42

 

have reported that, in rats, endurance training decreases receptor sensitivity
to a serotonin agonist. Whether this relationship exists in humans remains to
be seen, but it may explain how exercise dependence develops; initial bouts
of exercise provided a sense of well-being related to increased serotonin
levels, but with training, increased the dose of exercise required to achieve
a serotonin-enhancing benefit. Standardized methods of research and a clearer
definition of exercise dependence are needed before this model can be tested.

 

D. Exercise Dependence is a Variant of Eating Disorders

 

When exercise dependence first began to appear in the literature, this model
was considered perhaps the most difficult model in terms of evaluation and
acceptance.

 

9

 

 However, Bamber et al.

 

43

 

 suggest that exercise dependence always
manifests in the context of an eating disorder. They designed a study in which
female exercisers, four in each case, were allocated 

 

a priori

 

 to four groups:

1. Primary exercise dependent
2. Secondary exercise dependent, where there was a coincidence of

exercise dependence and an eating disorder
3. Eating disordered
4. Control, where there was no evidence of either exercise dependence

or eating disorder

Subjects were interviewed regarding their exercise and eating attitudes
and behavior, and psychological history. Participants initially classified as
primary exercise dependent turned out to exhibit features of exercise depen-
dence only if they also displayed symptoms of an eating disorder. All of
those with positive histories of exercise dependency and eating disorder also
reported a history of psychological distress. These results support the con-
cept of secondary (with eating disorder), but not primary (independent of
eating disorder), exercise dependence.

 

VI. Nutritional Status

 

A. Nutrient Intake

 

Beals and Manore

 

44,45

 

 have examined the energy intake and nutritional status
of athletes with subclinical eating disorder. These researchers

 

46

 

 studied 48
female athletes between the ages of 16 and 36 who trained at least 6 hours
a week. Subjects were screened for subclinical eating disorders using a health
and diet history questionnaire, the EDI and the Body Shape Questionnaire.
Twenty-four athletes met the criteria for subclinical eating disorder and 24
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served as the control group. Energy and nutrient intakes and energy expen-
diture were determined by weighed food records and 7-day activity logs.
Results showed that energy intakes of athletes with subclinical eating dis-
orders were significantly lower than in the control athletes, 1989 kcal/day
vs. 2293 kcal/day, respectively. The athletes with subclinical eating disorders
also consumed significantly less fat (43g/day or 19% of total calories) than
the control athletes (61g/day or 23% of total calories). In another study that
assessed the nutrient intake of female athletes with eating disorders,
Sundgot-Borgen reported diets low in energy and essential vitamins and
minerals, particularly calcium, vitamin D and iron. Mean carbohydrate
intakes were significantly lower than the 8 to 10 g/kg body wt/day recom-
mended for optimal performance.
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 The anorexics averaged 1.7 g/kg body
wt/day with a range of 1.0 to 2.3 g/kg.

Chronic energy deprivation coupled with high levels of physical activity
can lead to serious health consequences including chronic fatigue, compro-
mised immune function, poor or delayed healing, electrolyte imbalances,
cardiovascular alterations and reduced bone density.
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 Roemmich and
Sinning
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assessed the influence of energy restriction on growth, maturation,
body composition, protein nutrition and muscular strength in adolescent
wrestlers and a control group. Subjects were evaluated before, at the end
(late season) and 3 to 4 months after a wrestling season. Wrestlers consumed
a high-carbohydrate, low-fat diet during the season but did not consume
adequate energy or protein intake. Although dietary restriction and wres-
tling training had little effect on growth or maturation, it did produce sig-
nificant reductions in protein nutritional status, body protein and fat stores,
and muscular strength and power.

 

B. Female Athlete Triad

 

Female athletes with eating disorders are at risk of developing amenorrhea
and premature osteoporosis; the three issues together compose the female
athlete triad.
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 Each component of this triad increases the chance of morbidity
and mortality. Amenorrhea is characterized by low levels of circulating estro-
gen. Two major categories of amenorrhea exist; primary amenorrhea is the
absence of menarche by the age of 16, and secondary amenorrhea is the
absence of three to six consecutive menstrual periods after normal menses
have begun.

Many nutritional and physiological factors have been associated with
amenorrhea. Frequently cited are weight loss, low body-fat levels, excessive
exercise, and nutritional inadequacy.
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 Research has failed to consistently
show that one single factor causes amenorrhea; in all likelihood, it results
from a combination of factors. The prevalence of amenorrhea in athletes
varies between and within sport groups. In a study of 226 elite female
athletes, gymnasts had the highest incidence of amenorrhea (71%), followed
by lightweight rowers (46%) and runners (45%).
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A primary concern of amenorrheic athletes is reduced bone mineral den-
sity.
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 Compared with regularly menstruating athletes, amenorrheic athletes
have significantly lower bone mineral density and this can occur at multiple
skeletal sites including the femoral neck, lumbar spine, and lower leg.
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Goebel et al.

 

54 

 

found that low bone mineral density was significantly corre-
lated to present and past minimum weights in patients with eating disorders.

The primary cause of reduced bone mineral density in amenorrheic ath-
letes is low circulating levels of estrogen. The major health consequences of
decreased bone mineral density are higher chances of stress fractures and
premature osteoporosis.

In managing athletic amenorrhea, treatment goals include:
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• Reestablish normal weight and menstrual cycle
• Reduce training level
• Increase caloric intake

Although an increase in bone density may occur before the return of
normal menses, this increase may still be significantly below the normal
range for optimal bone health. If female athletes are not willing to change
their training routine or diet, estrogen replacement therapy and calcium
supplementation may be necessary to preserve and protect bone mass.
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VII. Identification and Assessment

 

If an athlete is suspected of having an eating disorder, it is important to
intervene. Many colleges and universities have developed policies and pro-
cedures addressing the identification, intervention and treatment of eating
disorders. A multidisciplinary team of professionals who have knowledge
in the different areas of recovery offers the best approach. The team includes
a physician, psychologist, psychiatrist, nutrition therapist and coach or ath-
letic trainer.

Members of the treatment team work closely together so that messages
communicated to the athlete are consistent. The team should have experience
working with athletes and have an appreciation for the particular sport.
Athletes can be afraid to talk about eating disorders because they are fearful
of losing a financial scholarship or their place on the team. If athletes’ eating
disorders put them at risk for medical complications and they are not willing
to comply, a written contract signed by the coach, treatment team and the
athlete may be necessary. To stay on the team, the athlete is required to show
up for counseling and medical appointments.

Because eating disorders are biopsychosocial in nature, thorough assess-
ment of medical parameters as well as beliefs and behaviors is necessary to
fully understand the impact of the eating disorder on the individual’s well-
being.
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A. Medical Nutritional Evaluation

 

The medical nutritional evaluation should center around five categories of
information:

1.

 

Food eaten

 

: amount, variety, timing of eating, presence of other
individuals vs. eating alone, eating location, amount of time spent
thinking about, preparing and eating.

2

 

. Exercise behavior: type, frequency, duration, intensity, variety of
exercises performed, purpose of exercise, what triggers exercise
cessation, time of day and where exercise is performed.

3. Compensatory behaviors used: restrictive eating, skipping meals, self-
induced vomiting (need to distinguish if vomiting is induced or is
spontaneous upon eating), diet pills, laxatives, ergogenic metabolic
enhancers.

4. Supplements: vitamins, minerals, meal replacements, ergogenic
aids, herbs.

5. Feelings about food and body: thoughts and feelings that influence
choices made in the above categories, rules that are used to elimi-
nate foods or food groups (including vegetarian practices).

If a food journal is used to obtain information, keep in mind the strong
likelihood of overreporting intake in anorexia and underreporting intake in
bulimia. It is important to accept the information provided by the client
without judgment (be sure that facial expressions, body language, and tone
of voice do not create the impression that the clinician disapproves or
believes the client is lying about what was eaten). Eating disorders are often
accompanied with cognitive distraction. It is important to understand that
this distraction serves a purpose. Completion of a food journal requires a
cognitive movement away from distraction to being aware of the present
moment. If that awareness is painful or anxiety producing, the client may
not be able to complete food records. If a client comes to sessions without
food records, discussing what happened that prevented their completion can
be equally as therapeutic as discussing what was recorded. It is important
to individualize nutrition assessments to accommodate the ability of the
client to provide information.

Height, weight, and body composition are important to determine as well.
It is important to obtain this information in a compassionate manner, as the
numbers needed for clinical assessment contain emotional meaning to the
person being evaluated. Because many of the behaviors included in the
eating disorder affect hydration status, weight is highly likely to be variable
and may not be the most reliable indicator of nutrition status. It is important
to work with the client toward comfort with numbers that may feel threat-
ening, while, at the same time, not putting so much emphasis on weight as
a marker of progress that the client is encouraged to manipulate it to gain
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the “approval” of the treatment team. Many practitioners prefer to weigh
the client facing backward on the scale to reduce the anxiety surrounding
weight. This method needs to be explained to clients prior to weigh-in so
they understand the purpose of the method.

Body composition can be a useful measurement. However, it is important
to use body fat percentages in conjunction with information about lean body
mass and midarm muscle circumference to avoid promoting an obsession
with body fat as a substitution for an obsession with weight. It is also
important, when calculating weight goals for recovery, to base these calcu-
lations on what a healthy amount of lean tissue would be.58 Most body fat
formulas only manipulate the weight in the fat compartment; in an individ-
ual whose eating disorder has compromised muscle and lean tissue, using
body fat formulas as they were designed to be used in healthy individuals
may result in significantly underestimating a healthy goal weight.

Because individuals with eating disorders tend to be dehyrated, any body
composition measurement based on total body water is likely to be inaccu-
rate, and to overestimate body fat percentage. Standard calipers are the
preferred measurement tool for this population. When using calipers, it is
important to perform assessment measurements in a comfortable environ-
ment. When possible, choose a quiet, private location, away from mirrors.
Be sure to talk the client through the measurements you will be taking before
touching any body part. If clients feel uncomfortable with any measurement,
or having the body composition measurement taken at all, honor their feel-
ings and delay this measurement until they consent to participation. 

Psychological evaluation indicates that eating disorders very frequently
occur with other psychological and psychiatric diagnoses, including:

• Anxiety disorder57

• Depression,31 bipolar disorder58

• Obsessive-compulsive disorder59

• Post-traumatic stress disorder59

• Substance abuse59

• Schizophrenia59

The eating disorder is often secondary to these diagnoses and cannot
respond to intervention until the core diagnosis is addressed. For some
individuals, recovery may be impossible without the inclusion of psycho-
tropic medications. It is important to ask athletes if they have ever been
treated for any problems by a psychologist, therapist, social worker, or psy-
chiatrist, or if there is any family member with any of the above diagnoses,
and, if there is a positive history, to refer clients for evaluation. Even if no
history is reported, it is important that athletes receive a thorough psycho-
logical or psychiatric evaluation in addition to nutrition therapy to have a
complete understanding of the thought patterns and influences that shape
their attitudes and behavior toward food and exercise.
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Mental health diagnoses tend to be feared or rejected, as they may imply
“craziness.” Oftentimes, people with eating disorders will seek the help of
a nutrition therapist hoping that a nutritional answer will allow them to
avoid psychological treatment. It is crucial that the nutrition therapist not
allow the reluctant client to receive nutrition therapy without collaboration
from qualified mental health practitioners. Eating disorders are complex
syndromes with neuroendocrine, nutritional and emotional components,
and they require input from specialists in each of these disciplines to respond
to any intervention.

Behavioral evaluation is just as important to recovery as restoration of a
healthy weight and nutrition status are attitudes about self, body and food.
If focus is placed on restoring food and weight but the thoughts and behav-
iors that created unhealthy eating and weight behaviors are not addressed,
the client is likely to relapse as a result of those untreated core thoughts and
behaviors. Many validated inventories are available to measure an individ-
ual’s progress in the behavioral realm. Most inventories are self-reported.
While they are relatively cheap and easy to administer, it is important to
keep in mind that individuals who are in denial about the severity of their
illness can defend this position by not answering the inventory questions
honestly. An athlete may be motivated to minimize the existence of a problem
if there is a concern that an athletic scholarship may be lost if an eating
disorder is revealed. Therefore, these surveys may work better in anonymous
screenings and surveys where the individual’s identity is not revealed. The
most frequently used self-report inventories are summarized in Table 4.1.
Structured interviews, in which the clinician interviews the client using a
predetermined sequence of questions, is another method of gathering infor-
mation that can be used to make a diagnosis. While the client may still not
be completely forthcoming in providing information, in situations where
there is time to utilize such interviews, they may provide information per-
tinent to diagnosis and treatment planning. Two popular structured inter-
views are the Eating Disorder Examination (EDE)67 and the Structured
Clinical Interview for Axis I DSM-IV Disorders (SCID).68

VIII. The Role of the Sports Nutritionist in 
Treating Eating Disorders

The sports nutritionist is often the person in an athlete’s life with the ability
to identify and intervene when a potential eating disorder exists. It is not
uncommon for an athlete to arrive at a consultation with complaints of
fatigue, poor performance, the inability to gain weight with strength training,
feeling cold, and extreme mood changes. In the early stages of an eating
disorder, the athlete may present with a strong sense of denial. The goal is
to establish a trusting relationship so that the athlete will return for further
counseling. Assessment will not occur in a single session, but will evolve as
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rapport strengthens between the athlete and the sports nutritionist. The role of
the sports nutritionist is to assist with the normalization of the athlete’s weight
and eating behavior. The responsibilities of the sports nutritionist include:57

• Evaluating the athlete’s current food intake
• Estimating and determine the athlete’s appropriate weight goal
• Supporting athletes as they try new eating behaviors
• Educating the athlete about normal and abnormal food intake pat-

terns
• Helping the athlete understand weight and performance issues

dispel myths and misconceptions about diet, health, and exercise
(i.e., eating meat will make you fat; eating after 8 p.m. will result
in weight gain)

• Teaching principles of good nutrition and planning
• Working with the multidisciplinary team in treating the athlete

When counseling the athlete with an eating disorder, remember that each
athlete’s recovery process is unique and treatment plans and goals should
be individualized.57 For the underweight athlete, the most important goal is
to establish 95% of normal body weight. Weight gain is a priority because
many of the existing symptoms of an eating disorder are secondary to star-
vation.69 A weight gain of 0.5 kg (1 lb) per week is advised until the athlete
achieves the desired goal weight.57

Physicians, trainers, coaches and athletes should be informed about eating
disorders and what to do if a problem is suspected. Early detection and
intervention are important to the athlete’s health and performance. The
preparticipation exam provides an opportunity to screen for disordered
eating behaviors. Athletes should be questioned about weight and perfor-
mance goals. If the athlete displays any of the warning signs of a possible
eating disorder, nutrition counseling should be provided. If a nutrition inter-
vention is implemented, it is important for all personnel providing guidance
to the athlete (including coaches, trainers, strength coaches, etc.) to agree on
who will discuss weight and nutrition and who will not. It is important to
minimize the chance of giving conflicting information, and to avoid over-
whelming the athlete with too much focus on food and weight gain. This
kind of focus could result in intensifying the symptoms instead of promoting
recovery.

Emphasizing the role of good nutrition and weight control in optimizing
athletic performance can reduce the risk of triggering an eating disorder. If
an athlete’s performance is declining, it is important to not suggest weight
loss to improve speed, strength or appearance without ruling out other
factors. Many times, body fat or body weight is not the issue, and the attempt
to lose weight by dieting or purging only predisposes the athlete to — or
exacerbates — the depression that was the root of the problem to begin with.
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Education is a primary tool for reducing the risk of eating disorders in
athletes. Because coaches, trainers, and parents have the ability to negatively
or positively influence the athlete, it is essential that they be included in
educational programs regarding healthy weight, body image and perfor-
mance. Results of a recent study found that fewer than half of 258 NCAA
Division I coaches from five universities (44.5%) reported ever having
attended an educational program about eating disorders.70 This is surprising,
considering that, in 1989, the NCAA provided NCAA schools with educa-
tional videos and materials on eating disorders. Furthermore, a number of
colleges and universities have implemented prevention, education and inter-
vention programs. Perhaps these programs are sponsored by campus recre-
ation centers instead of athletic departments, making resources more
available to students than athletes and coaches.

Programs aimed at reducing the cultural obsession with thinness and soci-
ety’s distorted meaning of gender identity are needed. Eating Disorders
Awareness and Prevention, Inc. (EDAP), is a national nonprofit organization
dedicated to prevention of eating disorders. It provides information to health-
care professionals, educators, families, friends, and sufferers. One of the pro-
grams sponsored by EDAP is Eating Disorders Awareness Week (EDAW). During
a week in February, volunteer coordinators -- health professionals and educa-
tors -- organize educational outreach programs and presentations in schools
and communities. EDAP also provides videos, curricula, a newsletter, confer-
ences, workshops, and a national speaker’s bureau.

IX. Summary

Eating disorders, in their many presentations, are a risk of athletic partici-
pation. Whether the symptoms fit the DSM-IV diagnostic criteria, (e.g., anor-
exia nervosa, bulimia nervosa and binge eating disorder), or present in
symptom combinations not yet formally recognized (e.g., muscle dysmor-
phia, anorexia athletica and exercise dependence), these syndromes reflect
internal neuroendocrine imbalance that can affect performance, health and
even ability to sustain life.

Some sports seem to have more eating disorders than others. Those sports
most susceptible include the aesthetic sports, which emphasize weight and
appearance, and individual sports, such as running, which may appeal to
individuals with compulsive personality characteristics.

Athletes looking to dietary changes to enhance performance may become
susceptible to eating disorders, particularly if these changes focus on signif-
icant calorie reduction. Athletes with body types (endomorphic) not tradi-
tionally seen in successful athletes may turn to diets as a way to gain an
edge that was not given to them genetically. It is important to be aware of
food habits and mealtime behaviors exhibited by athletes; these might be
clues that intervention and counseling are needed.
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Many theories as to the etiology of eating disorders have been proposed.
Currently, there is no evidence to support any one theory over any other.
What is known is that these diagnoses contain imbalances in medical, nutri-
tional, psychological and neuroendocrine functioning that require the inter-
vention of a team of specialists who understand the complexity of the
interactions of each of these areas of functioning. Assessment should con-
sider nutritional needs, psychological factors and behavioral or attitudinal
issues that affect athletes’ ability to perceive and respond to their environ-
ment. Treatment planning should include interventions in each of these
areas, even if the athlete insists the problem is purely nutritional.

Sports nutritionists are an important part of screening and treatment of
eating disorders. In addition, they can be a source of accurate information
regarding nutrition and supplements that the athlete can use when working
toward recovery. When possible, the sports nutritionist can be most effective
in the area of prevention, minimizing the possibility that an eating disorder
has fertile ground in which to grow.
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I. Introduction

 

Children are not just little adults. This pediatric mantra refers to the unique
medical, nutritional, psychological and physical requirements of childhood.
These requirements are associated with the dynamic process of growth.
Children between 5 and 12 years of age experience constant height (HT),
weight (WT), and body mass increases.

 

1

 

 Routine assessment of physical
growth to assure maintenance of a normal growth pattern is central to good
health and well-being during childhood. It is particularly important for child
athletes whose nutritional status and physical activity are heavily influenced
by training programs.

Anthropometry is the scientific study of human body measurement.

 

2

 

 Var-
ious anthropometric measurements (Z scores) have been identified for use
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in assessing body composition in children. In this chapter HT, WT, body
mass index (BMI), triceps skinfold thickness (TSF), midarm muscle circum-
ference (MAC), midarm muscle area (MAMA), and bioelectric impedance
(BIA), will be discussed. Anthropometric information included in this chap-
ter is focused on healthy prepubescent children (Tanner

 

3

 

 stage I), and may
not be valid in children experiencing early maturation.

 

II. Assessment of Growth

 

Children grow at constant and predictable rates. However, individual
growth patterns may vary. Standardized growth charts provide an easy and
effective tool to monitor individual growth in children. Deviation from estab-
lished growth norms alert physicians and other health care professionals to
potential health problems associated with alterations in growth patterns.

 

4

 

School-age children experience steady physical growth with a mean WT
increase of 3 kilograms (kg) to 3.5 kg per year (6.6 pounds (lbs) to 7.7 lbs),
and a mean HT increase of 6.0 cm per year (2.4 inches). This period of steady
increase in HT and WT ends in a prepubescent growth spurt at about age
10 years in females and 12 years in males.

 

1

 

Physiological growth is influenced by four factors: genetic, neurohumoral,
nutritional, and mechanical force. Influence of genetic transmissibility on
growth is estimated to range from 41% to 71%.

 

4,5 

 

Neurohumoral influence
depends on energy balance,

 

6

 

 and specific growth factors.

 

7,8 

 

Stimulation and
release of growth hormone, thyroid hormones (T3 and T4), and sex steroid
(gonadal and adrenal) hormones for the express purpose of facilitating
growth is dependent on positive nutritional status.

 

9-12

 

 Mechanical force pro-
motes muscle development

 

13

 

 and bone mineralization.

 

14,15 

 

Childhood sets the
stage for the significant growth maturation associated with adolescence and
signaled by the onset of puberty.

 

A. Growth Charts

 

H.P. Bowditch,

 

16 

 

dean of Harvard Medical School, developed the first growth
charts in the United States in 1877. These represented the average HT and
WT of American schoolchildren, and were based on school-age children in
Boston. Growth patterns in school-age children were well described by
Boas

 

17 

 

and others,

 

18-21 

 

resulting in development of many age- and gender-
specific growth charts. Those developed prior to 1977 were limited in clinical
application due to a lack of ethnic, genetic, geographical and statistical
representation. They also lacked expert agreement on reference data.

 

18-22

 

 In
1977, the National Center for Health Statistics (NCHS) published the first
growth charts incorporating large, nationally representative samples of chil-
dren (NCHS Health Education Survey [HES]

 

23

 

 and Health and Nutrition
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Education Survey [HANES]

 

24

 

) with expert agreement of reference data.

 

22

 

 The
1977 NCHS growth charts, which were adopted for worldwide use by the
World Health Organization,

 

25-27

 

included age-specific weight-for-height
(WT/HT) percentiles.

 

23,24

 

Secular population changes as well as improved curve smoothing statis-
tical and transformation

 

28

 

 techniques require periodic updating of growth
charts. The Centers for Disease Control (CDC) collaborated with the National
Center for Chronic Disease Prevention and Health Promotion (NCCDPHP)
and the NCHS to develop updated growth charts (Tables 5.1–5.6). These
were published by CDC in May 2000.

 

29 

 

The 2000 CDC/NCHS growth charts
include data from NCHS surveys conducted between 1963 and 1994 (two
cycles of the National Health Examination Survey [NHES II and III] and
three cycles of the National Health and Nutrition Examination Surveys
[NHANES I, II, and III]).

The 2000 CDC/NCHS growth charts were developed to provide a more
useful growth assessment tool for clinicians and other health care provid-
ers. Clinically relevant changes provided in the 2000 CDC/NCHS growth
charts include extending HT and WT percentile ranges from 5th and 95th
percentiles to 3rd and 97th percentiles, and the upper age limit from 18
years to 20 years. Additionally, age-specific WT/HT percentiles were
replaced with age-specific BMI percentiles. BMI is a more specific indicator
of relative WT.

 

21

 

 Concerns regarding increasing rates of obesity in children
in the United States prompted inclusion of BMI percentiles in the updated
growth charts.

Appropriate use and interpretation of growth charts includes accuracy of
measurement techniques, devices, and recording. Longitudinal tracking of
growth data is essential to providing adequate data for monitoring of
growth. Single plot data is of little value. Measurement and recording of
growth data over time is the only method by which valid assessment of
growth can be made during childhood.

 

B. Height

 

Height (linear growth) provides insight into individual health and nutri-
tional status. Tanner

 

3 

 

has suggested that accurate monitoring of linear growth
in children identifies medical or physiologic anomalies that influence linear
growth. Appropriate linear growth reflects adequacy of energy intake for a
particular training regimen in child athletes.

Normal linear growth is considered to be encompassed by the 95th

 

 

 

per-
centile confidence interval for a specific population. Children with a linear
growth pattern that remains below the lower 2.5 percentile (approximately
–2.0 standard deviation [SD]), and who are otherwise normal should reach
genetically determined height potential. However, children whose linear
growth falls below –2.0 SD are more likely to have a condition preventing
the attainment of genetically determined HT potential.

 

30
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Conflicting reports of linear growth status in young male

 

31 

 

and female

 

32

 

athletes in the early 1960s have resulted in continuing concern about linear
growth in child athletes. Malina and Bielicki

 

33

 

 in 1966 reported that 25 males
aged 10 years to 12 years did not differ significantly from chronological age
(CA) references until adolescence, when skeletal age (SA) progressed signif-
icantly (p < 0.01) relative to CA. In this same study, Malina and Bielicki

 

33

 

TABLE 5.1

 

Males 2–20 Height-for-Age Growth Chart
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reported that 13 female athletes aged 8 years to 18 years had significant (p <
0.05 and 0.01) differences in HT, but not body WT compared with references.

Studies in children participating in specific sports such as gymnastics (male
and female), ballet dancing (female), figure skating (female), and diving
(male) have demonstrated shorter stature compared with reference data.

 

34

 

The relationship between sports activity and linear growth may be related
specifically to the type and intensity of athletic competition and training.

The question of whether short stature results from selection bias or inten-
sive physical training involved in some sports was explored by Daly et al.

 

35

 

Competitive prepubertal and early pubertal (Tanner

 

3

 

 stage 

 

≤

 

 2) male

 

TABLE 5.2

 

Females 2–20 Years Height-for-Age Growth Chart
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gymnasts (n = 31) were studied along with a normo-active control group (n
= 35). Serial HT, sitting HT, leg length, and segmental lengths (humerus,
radius, femur, and tibia) and breadths (bi-acromial and bi-iliac), diet, serum
insulin-like growth factor-I (IGF-I), testosterone, and cortisol measurements
were collected every 3 months to 4 months over an 18-month period. Results
indicated that, although at baseline gymnasts were a mean 0.7 years older
than the control group (p < 0.05); n = 50), there were no differences in
maturity (Tanner

 

3

 

 stage) levels. Age-adjusted Z scores showed that the gym-
nasts were shorter than controls (–0.5 ± –0.2 SD; p < 0.05) because of reduced

 

TABLE 5.3

 

Males 2–20 Years Weight-for-Age Growth Chart
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leg length (–0.8 ± –0.2 SD; p < 0.001), but not sitting height. Age-adjusted Z
scores for segmental lengths and bi-iliac breadth were also reduced in the
gymnasts (p range < 0.05 to < 0.001). No significant differences were detected
for serum IGF-I or cortisol. After 18 months of follow-up, there were no
differences in rate of change in HT, sitting HT or leg lengths, segmental
lengths, IGF-I, or cortisol between gymnasts and control subjects who
remained prepubertal and early pubertal (gymnasts n = 18; controls n = 35).
However, the magnitude of baseline differences in Z scores persisted
throughout the study. These authors concluded that short stature, but not
sitting HT, in these competitive male gymnasts was due to a reduced leg

 

TABLE 5.4

 

Females 2–20 Years Weight-for-Age Growth Chart
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length. Lack of difference in growth rates, IGF-I, and diet over the 18-month
period indicated that short stature reported in male gymnasts was due to
selection bias rather than gymnastics training.

Another study assessing body composition in female junior elite gymnasts
(n = 146) was conducted by Benardot and Czerwinski.

 

36 

 

In this study, selected
body composition measurements were performed cross sectionally. The
gymnasts were divided into a younger age group (7 years to 10 years) and
an older age group (11 years to 14 years). Their results indicated gymnasts
in this study were in the 50th percentile for WT/HT ratio, regardless of age.

 

TABLE 5.5

 

Males 2–20 Years Body Mass Index-for-Age Growth Chart
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However, WT/age and HT/age percentiles progressively dropped from 48th
percentile to 20th percentile as age increased. Body fat percentage did not
differ significantly between the two age groups. Triceps and subscapular
skinfolds decreased when compared with age-related standards with the 7-
year-old and 10-year-old groups at 63rd percentile and 56th percentile,
respectively, while the 11-year-old and 14-year-old groups were 52nd per-
centile and 39th percentile, respectively. Arm muscle circumference and cal-
culated arm muscle area were about 75th percentile regardless of the

 

TABLE 5.6

 

Females 2-20 Years Body Mass Index-for-Age Growth Chart
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gymnasts’ age grouping. In general, as they grew older, gymnasts became
progressively smaller in HT and WT for age but were highly muscled for
size. These authors concluded the steady age-related drop in HT/age and
WT/age percentiles may be attributable to nutritional deficits, a sport-spe-
cific selection favoring retention of small but powerful gymnasts, or a com-
bination of these two factors. Furthermore, these authors recommend that
young gymnasts should be carefully monitored longitudinally by trained
professionals for any signs of growth disruption.

Ideally, linear growth measurement in children is accomplished by use of
a stadiometer. Use of movable measuring rods on platform scales is not
recommended. Stadiometers should be wall mounted and leveled to assure
accuracy of measurements. Linear growth measurements should be per-
formed while the child stands erect on an uncarpeted floor, shoulder blades
and buttocks flush against the measurement surface, heels almost together,
feet bare or in very thin stockings. The child’s shoulders should be relaxed
with arms hanging on either side of the body, legs straight, knees almost
touching, and head positioned such that the child is looking straight ahead
(Frankfurt plane).

 

37,38 

 

The mean of three serial HT measurements should be
recorded on an age- and gender-specific growth chart.

 

C. Weight

 

Weight is a crude measurement of body mass. The terms “desirable” or
“ideal” are often used to characterize body WT. However, these terms define
body WT only in relation to body HT. Body WT measurement alone is not
a reliable indicator of lean or fat tissue body mass. Body WT changes in
childhood are associated with age and maturational stage.

 

4

 

Currently, assessment of WT status in children is focused on preventive
screening of overnutrition (overweight or obesity) due to the increasing
incidence of obesity in the United States.

 

39,40

 

 However, children’s concerns
about their own body image also suggests a need for vigilance regarding
undernutrition or disordered eating, which has been associated mainly with
adolescent females,

 

41 

 

but may now be occurring in prepubescent children.
A community-based intervention program aimed at the primary preven-

tion of disordered eating in preadolescent females was studied by Neumark-
Sztainer et al.

 

42 

 

Girl Scouts (n = 226) with a mean age of 10.6 ± HT 0.7 years
were randomized into control and intervention groups. Six 90-minute ses-
sions focusing on media literacy and advocacy skills were presented as the
intervention. Attitudes toward body image, media knowledge, dieting
behaviors and habits were evaluated pre-intervention, post-intervention and
at a 3-month follow-up.

Results in this study indicated that 29% of females (control and interven-
tion) were trying to lose WT at the time of the pre-intervention evaluation.
Short-term positive effects on body-related knowledge and attitudes (i.e., on
body size acceptance, puberty knowledge, and perceived weight status) were
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observed post-intervention in the intervention group, but not in the control
group. However, at the 3-month follow-up, these effects were no longer
present and no significant dieting behavior changes were noted between the
two groups.

WT concerns and body dissatisfaction are not limited to females. Robinson
et al.

 

43

 

 examined the prevalence of overweight concerns and body dissatis-
faction among 969 third-grade males and females with a mean age of 8.5
years. These schoolchildren represented diverse ethnic (44% Caucasian, 21%
Latino, 19% non-Filipino Asian American, 8% Filipino, and 5% African-
American), and socioeconomic backgrounds. Assessment of overweight con-
cerns, body dissatisfaction, and desired shape, HT, and WT were collected.
Results demonstrated a desire to lose WT in 26% of males and 35% of females
while 17% of males and 24% of females reported dieting to lose weight. In
this study, body dissatisfaction and overweight concerns were highly prev-
alent among third-grade males and females regardless of ethnicity or socio-
economic status.

There are few WT or body satisfaction studies in child athletes. However,
it is reasonable to assume that they share the concerns of their non-athletic
child counterparts over WT and body satisfaction. Furthermore, as increas-
ing numbers of children participate in “elite” sports or sports specialization
requiring year-round intensive training, WT and body satisfaction issues are
becoming the concern of individuals involved with these children. To
address these concerns, the Committee on Sports Medicine and Fitness of
the American Academy of Pediatrics

 

44 

 

published recommendations for
young athletes (Table 5.7). These recommendations include all areas of con-
cern, but their emphasis on monitoring of WT status and body composition
in child athletes should be noted.

 

TABLE 5.7

 

Intensive Training and Sports Specialization Recommendations for Child Athletes

 

Child athletes should:
• Participate in sports at a level consistent with their abilities and interests. Single-sport 

participation in prepubescent children should be discouraged.
• Participate in sports where coaches are properly trained and knowledgeable about child 

athlete needs and characteristics.
• Be monitored routinely for:

• Early recognition and treatment of stress injuries, emotional stress, and overtraining (i.e., 
WT loss, anorexia, and sleep disturbances).

• Nutritional status with serial anthropometric measurements assessing body composition 
(HT, WT, and TSF/MAC) to ensure adequacy of caloric intake and early identification 
of pathological eating behaviors.

• Be educated, along with family members and coaching personnel, about risks of heat injury 
and its prevention.

 

From American Academy of Pediatrics Committee on Sports Medicine and Fitness,

 

 

 

Intensive
training and sports specialization in young athletes, 

 

Pediatrics,

 

 106, 154, 2000.
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Ideally, WT measurement is accomplished by use of a beam balance scale.
The beam balance scale should be calibrated (with standard weights) rou-
tinely, and zeroed prior to each use. Calibration and zeroing should also be
performed after any movement or relocation of the scale. While spring bal-
ance scales are less reliable, they are less bulky and lighter for use in non-
clinical settings. Use of digital scales in nonclinical settings is becoming more
common, but the reliability of digital scales for use in children is unclear.
Scales should be located on hard flat surfaces without carpeting.

Children should be weighed after emptying the bladder and prior to
consuming any food or liquids. Ideally, children should be weighed naked,
but this is not always practical. Therefore, light clothing or paper gowns can
be worn without shoes or stockings. Standard corrections for clothing should
not be used. WT measurement(s) should be recorded serially on an age- and
gender-specific growth chart.

 

38

 

D. Body Mass Index

 

Body type or physique results from genetic growth potential and environ-
mental influences,

 

30 

 

and may be helpful in assessing body composition. Body
somatotypes include endomorphic, ectomorphic, and mesomorphic. Endo-
morphs are stocky, with excessive soft body tissue. Ectomorphs are lean,
with a relatively small bone structure and small body mass. Mesomorphs
are muscular, with relatively proportionate body mass. Somatotyping is
useful for indicating body configuration, but not body mass.

A more useful indicator of body mass in assessment of weight-for-height
is BMI. BMI is a better indicator of relative WT than WT/HT.

 

45

 

 BMI is
expressed as WT in kilograms (kg) divided by HT in meters (m) squared
(kg/m

 

2

 

). Mean BMI levels increase during the first year of life (~5kg/m

 

2

 

),
decrease during early childhood, reach a nadir between 4 years and 8 years
of age (~15kg/m

 

2

 

), and subsequently increase again until adulthood
(~20–25kg/m

 

2

 

).

 

46

 

 Application of BMI in children is limited by the varying
growth and maturity levels associated with childhood.

 

47,48

 

 Despite these
inherent limitations, BMI has been selected by an expert committee on child-
hood obesity as the index of adiposity in children in the United States.

 

49

 

Annual BMI increases in children, unlike adults, cannot be automatically
attributed to concurrent increases in fat tissue body mass. To describe body
composition changes in relation to BMI during childhood, Maynard et al.

 

50

 

evaluated 387 (201 males and 186 females) healthy Caucasian children, who
were measured one to 11 times annually from ages 8 years to 18 years. Data
collection for each child included HT, WT, BMI, total body fat (TBF), fat-free
mass (FFM), and percent body fat (%BF). TBF and FFM were determined
from hydrodensitometry, while BMI and %BF were calculated. Longitudinal
data containing both cross-sectional and serial measurements totaling 1748
observations were analyzed. Annual changes in BMI, TBF/HT

 

2

 

, FFM/HT

 

2

 

,
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WT, TBF and FFM were determined by analyzing an additional 1150 obser-
vations from a subset (n = 291) of children in this study.

Results in this study indicated that BMI values increased with age in both
males and females. However, BMI was significantly (p < 0.005) higher in
females than males at ages 12 years to 13 years. BMI and HT were positively
and significantly (p < 0.005) correlated at ages 10 years to 14 years in males,
and at age 9 years in females. BMI and WT were positively and significantly
(p < 0.005) correlated at all ages in males and females. BMI correlations with
%BF and TBF were generally stronger than BMI and FFM except in females
aged 8 years and 13 years. Mean annual increases in BMI in males between
ages 8 years and 9 years and between 12 years and 17 years resulted exclu-
sively from increases in FFM/HT

 

2

 

 with TBF/HT

 

2

 

 decreasing. Corresponding
mean BMI annual increases in females demonstrated both FFM/HT

 

2

 

 and
TBF/HT

 

2 

 

were responsible at ages 8 years to 9 years and 10 years to 16 years,
while FFM/HT

 

2 

 

alone accounted for mean increase of BMI from ages 10
years to 14 years.

These authors concluded that BMI is a suitable measure of adiposity in
children. Furthermore, BMI can be an effective clinical tool in assessing body
composition changes over time during childhood. However, these authors
caution that a few individuals with large BMI values may have greater FFM
than TBF. Therefore, BMI interpretation must include consideration of both
fat and lean compartments of body mass, which change annually and are
associated with growth.

In another study, Pietrobelli et al.

 

51

 

 tested BMI as a valid measure of fatness
that is independent of age in both males and females in a healthy pediatric
population. In this study, TBF (kg) and %BF were estimated by dual energy
x-ray absorptiometry (DXA) in 188 (90 males and 98 females) Italian children
and adolescents aged 5 years to 19 years. HT, WT, and DXA measurements
were collected with standardized methods by the same technician on the
same day. Statistical analysis included zero-order correlations to assess unad-
justed associations among BMI, TBF, and %BF. Two sets of multiple regres-
sion analyses were performed where TBF and %BF were each used as the
criterion-dependent variable. Also, separate gender analyses were conducted
for each dependent variable.

Results in this study indicated a significant association between BMI and
TBF (p < 0.0001) in males (R

 

2

 

 = 0.85) and females (R

 

2

 

 = 0.89). BMI explained
85% of between-subject TBF variance in males and 89% in females with an
additional variance of 2% in males and 3% in females being observed with
increasing age. BMI and %BF (p < 0.0001) were also significantly associated
in both males (R

 

2

 

 = 0.63) and females (R

 

2

 

 = 0.69). BMI explained 63% of
between-subject %BF variance in males and 69% in females. After adjusting
for BMI in this study, increasing age was associated with significantly greater
TBF and %BF in both males and females, which, these authors point out, is
consistent with changes in body composition as children age.
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These authors support the use of BMI as a fatness measure in groups of
children and adolescents. However, they suggest cautious interpretation
when comparing BMI across age groups or when predicting a specific indi-
vidual’s TBF or %BF.

In a similar analysis, Daniels et al.

 

47

 

 demonstrated a correlation between
BMI and %BF in 89 African-American and 103 Caucasian children (100 males
and 92 females). BMI and %BF were highly correlated in African-American
and Caucasian females (R

 

2

 

 = 0.83) while BMI and %BF were less strongly
correlated in African-American (R

 

2

 

 = 0.54) and Caucasian (R

 

2

 

 = 0.50) males.
However, in this study, a multiple regression analysis indicated BMI, gender,
ethnicity, Tanner

 

3

 

 stage, and fat distribution (waist:hip ratio) were all highly
significant independent correlates of %BF (multiple R

 

2

 

 = 0.77). Additionally,
BMI and %BF were dependent on sexual maturity, gender (females have
greater %BF than males at equivalent BMI), ethnicity (Caucasians have
higher %BF than African-Americans at equivalent BMI and waist:hip ratio,
where Caucasian males had higher waist:hip ratios than African-American
males at an equivalent BMI (individuals with central obesity have greater
%BF than those with peripheral obesity).

An interesting characteristic of BMI is that, in addition to being highly
correlated with TBF

 

47,51–53

 

 and %BF, it is also correlated with FFM.

 

54

 

 In chil-
dren, BMI has a high specificity as an indicator of fat mass, but variable
sensitivity.

 

55,56 

 

Validity studies in children focus primarily on BMI as an index
of overnutrition (obesity). Few, if any, studies address the validity of BMI as
an index of undernutrition. BMI is limited in scope as a body composition
assessment tool, especially in lean children such as child athletes.

Child athletes may have more lean tissue body mass than their non-athletic
counterparts. Child athletes with high lean tissue body mass may at different
stages of maturation have high BMI values while not being overweight or
obese. Use of BMI as an assessment tool in child athletes or in very physically
active children should be done with caution.

 

E. Other Anthropometric Measurements

 

All athletes are interested in the relationship between body composition and
performance. The practice of modifying body composition to enhance phys-
ical performance is not uncommon. However, this practice may result in
serious negative health outcomes in child athletes. Monitoring and assessing
changes in specific lean- and fat-tissue body mass utilizing other anthropo-
metric (TSF, MAC, MAMA, and BIA) measurements assists in assuring pos-
itive health outcomes in child athletes.

Reliability of anthropometric measurements (HT, WT, BMI, TSF, MAC,
MAMA, and BIA) has been studied in varying clinical and nonclinical set-
tings as well as among different ethnic groups.

 

57,58 

 

The

 

 

 

primary focus of
anthropometric measurement studies in child athletes has been in relation
to growth and physical performance.
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Frequency of anthropometric data collection depends on the intensity of
physical activity or training regimen. Serial measurement and recording of
anthropometric measurements over time best represent changes in body
composition. Interpretation of this data should utilize age- and gender-
specific standardized reference norms.

 

1. Triceps Skinfold Thickness

 

TSF thickness is an index of body fatness.

 

59

 

 Measurement of TSF thickness
provides an indirect estimate of body fat percentage based on the size of the
subcutaneous fat depot.

 

60

 

 Triceps are the most common site of skinfold
thickness measurements due to easy accessibility and close correlation with
total body fat.

 

53

 

 TSF measurement is thickest when compared with three
other skinfold sites (subscapular, iliac, and abdominal) in 90% of children.

 

61

 

Reliability of skinfold thickness measurements varies with age, size, hydra-
tion, examiner technique, and skinfold caliper precision. Examiner reliability
requires training and experience in skinfold thickness collection methods.
TSF thickness measurements are most reliable when obtained by the same
examiner. Intra-examiner reliability has been demonstrated in adults,

 

62

 

though not in children.
Many types of skinfold thickness calipers are commercially available.These

include spring-type (metal or plastic) and computerized digital models.
Selection of type and model of skinfold thickness caliper should be deter-
mined by setting and utilization. Routine calibration is necessary to obtain
valid data. Skinfold thickness calipers should exert a constant pressure of
10 g/mm, provide a range of at least 2mm to 40 mm, a contact surface of
20 mm to 40 mm, and be accurate to 0.1 mm.

 

59

 

TSF thickness measurements should be obtained at the midpoint mark
(see MAC section below for recommended midpoint arm measurement tech-
nique) on the posterior aspect of the nondominant arm. Use of the non-
dominant arm in collecting TSF thickness measurement is believed to pro-
vide a more accurate estimate of fat tissue body mass, although recommen-
dations regarding the use of the right

 

59

 

 or left

 

37

 

 arm vary.
TSF thickness measurements should be performed on an uncovered arm

with the subject standing, the arm hanging freely at the side of the body,
and the palm of the hand facing forward. The skinfold parallel to the long
axis of the arm at approximately 1 cm above the midpoint mark should be
grasped between the examiner’s thumb and forefinger while lifting slightly
to separate fat and muscle tissue. Care should be taken to avoid tissue
compression by not pinching too tightly. While holding the caliper in a
horizontal position, its jaws should be applied to the midpoint mark. After
waiting 3 to 4 seconds, the measurement nearest 0.1 mm on the scale should
be read. The mean of three TSF thickness measurement readings should be
recorded.

 

37,59,63

 

 TSF thickness measurement recordings should be maintained
with other anthropometric measurement records.
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Interpretation of TSF thickness measurements should utilize gender- and
age-specific reference standards developed by Frisancho.

 

64

 

 These reference
standards are based on NHANES I (1971–1974) and NHANES II (1976–1980)
survey data, which are valid for use in children.

TSF thickness measurement may be a better indicator of fat tissue body
mass than BMI. Use of BMI in child athletes with increased lean tissue body
mass may result in falsely elevated BMI percentages. Therefore, TSF thick-
ness measurements may best represent fat tissue body mass in child athletes.

 

2. Midarm Muscle Circumference

 

MAC is an index of lean tissue body mass. MAC represents the circumference
of muscle mass surrounding a central core of bone.

 

65

 

 MAC is a sensitive
indicator of large — but not small — shifts in total lean tissue body mass.

 

66

 

MAC measurements should be accomplished with the subject standing,
arm uncovered and bent at a 90º angle, with the palm of the hand facing
up. The midpoint between the lateral tip of the acromial process of the
scapula and the olecranon process of the ulna should be located. A non-
stretch measuring tape and a soft-tipped pen should be utilized in measuring
and marking the midpoint between these two landmarks on the posterior
aspect of the arm over the triceps muscle. The circumference of the arm
should then be measured by drawing the nonstretch tape measure firmly
around the arm at the midpoint mark, taking care to avoid compression of
soft tissue. The MAC measurement reading should be taken to the nearest
centimeter and recorded along with the TSF thickness measurement. Some
authors

 

43,59,65 

 

suggest MAC measurements should be collected on the non-
dominant arm.

Interpretation of MAC measurements should incorporate gender- and age-
specific reference standards developed by Frisancho.

 

64 

 

In general, MAC has
been suggested to be a sensitive indicator of morbidity and mortality risk
in children.67 However, MAC measurement in child athletes serves as an
marker of current lean tissue body status.

3. Midarm Muscle Area

MAMA is an index of lean tissue body mass. 37,59,68 It is derived from TSF
thickness and MAC measurements. MAMA reflects the true magnitude of
any shifts in lean tissue body mass. However, MAMA overestimates lean
tissue body mass in obese individuals and those with TSF thicknesses above
the 85th percentile ranking for age and gender.66

Jelliffe and Jelliffe,69 Gurney and Jelliffe,70 Frisancho64 and others71 have
developed regression equations using MAC and TSF thickness measurements
to predict MAMA. MAMA can also be estimated by use of a nomogram
developed by Gurney and Jelliffe.70 Age- and gender-specific percentiles devel-
oped by Frisancho64 should be utilized for MAMA interpretation.
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4. Bioelectrical Impedance

BIA is an indirect, noninvasive method for assessing human body compo-
sition. It is based on the principle of human body impedance to a frequency-
dependent flow of an administered alternating electrical current.

BIA measures a relationship among impedance, resistance, reactance and
phase angle when an alternating electrical current is introduced into the
body. Impedance is composed of resistance and reactance. Resistance is the
opposition of the conductor (mainly ions in aqueous solutions) to the flow
of electrical current. Reactance is the storage of voltage for a short period of
time. Reactance in the human body is associated with polarization of elec-
trical current by cell membranes and tissue interfaces.72 Phase angle occurs
when an administered current lags behind voltage, resulting in a phase
shift.73 The impedance plot created from the geometric relationship among
impedance, resistance, reactance and phase angle is dependent on the fre-
quency of the administered electrical current. Conduction cannot occur at
too low a frequency, while only resistance occurs at too high a frequency.

Application of impedance theory in assessment of human body composi-
tion relies on various models. These include simple electrical circuit
resistance74 (based on extracellular fluid volume and composition) that
encompasses single (50 kilohertz [kHz]) and multiple75,76 (5 kHz and 1 kHz)
signal frequencies as well as impedance spectroscopy77–79 (scans from a few
kHz up to megahertz [mKz]) and a parallel80 model (predicts regional muscle
mass).

Validity of BIA measurements may be limited by examiner reliability,
environmental factors, and prediction equations utilized. Factors influencing
examiner reliability include use of a nonconductive testing surface, appro-
priate subject position (supine), dominant-side application of electrodes
(generally right side), analyzer calibration, and constant state timing of data
collection. Environmental factors affecting BIA measurement accuracy
include exposure to heat or acute exercise (increases peripheral blood flow),
as well as cold exposure or restricted fluid intake (decreases peripheral blood
flow).81-83

BIA measurement limitations discussed above apply to both adults and
children. However, the application of BIA measurement in children is limited
by the absence of a gold standard prediction equation. Several authors24,84-86

have developed BIA prediction equations for use in children. However, a
BIA prediction equation of choice for use in children has yet to be identified.

Is BIA a better predictor of body fatness than TSF or BMI? Bandini et al.87

addressed this question while also attempting to cross-validate selected pub-
lished equations for determination of FFM from BIA. In this study, HT, WT,
BMI, TSF, and BIA were collected in 132 pre-menarcheal, non-obese females
aged 8 years to 10 years. Correlation analysis was utilized to determine the
relationship of %BF to TSF and BMI. Results demonstrated that the explained
variance in the prediction of %BF was 70% by BIA, 68% by TSF, and only
38% by BMI. The predictive ability of published equations differed by
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Tanner3 stage. Kushner’s equation (Kushner et al.,86 1992), based solely on
HT2/resistance was the only equation that provided estimates that did not
differ significantly from measured values among all Tanner3 stages. These
authors concluded that BIA appeared to be a valid and reliable measure of
FFM, but was no better than TSF in predictions of body fat.

The limitation presented by the absence of a BIA gold standard prediction
equation for use in children prompted Nagano et al.88 to explore BIA by use
of phase angle without prediction equations. Phase angle has been reported
to be a parameter reflecting body cell mass89 and can be obtained from the
measured values of electrical resistance and reactance.

Nagano et al.88 included 71 well-nourished and 10 malnourished children
aged 1 month to 12 years in their study. Anthropometric measurements
collected in this study included HT, WT, % ideal body WT, TSF, MAC,
%MAC, total protein, and serum albumin. A single-frequency (50 mKz)
analyzer was used to collect BIA data. Results indicated a significant corre-
lation between BIA and WT (r = 0.818; p < 0.001) as well as BIA and MAC
(r = 0.901; p < 0.001). Malnourished subjects had lower phase angles that
increased parallel to WT, MAC, and nutritional repletion. These authors
concluded BIA phase angle was a useful tool in assessing body cell mass
(nutritional) status in children. This study suggests that BIA phase angle
may be a useful tool in monitoring body composition in child athletes who
restrict their energy intake.

General application of BIA measurement as a body composition assess-
ment tool in child athletes should be done only after limitations discussed
above have been considered. Further study regarding effects of environmen-
tal and body temperatures, hydration status, and validity of prediction equa-
tions on BIA in child athletes is needed.

III. Summary and Recommendations

Traditional body composition assessment tools such as densitometry (under-
water weighing), isotope dilution (total body water), neutron activation, and
total body potassium (40K) are useful in research settings. However, these
assessment tools are not practical in clinical or field settings. In contrast,
simple anthropometric measurements discussed in this chapter are inexpen-
sive, noninvasive, and reliable in all settings where child athletes might best
be served.

Concerns regarding body composition are becoming more common in
children. Child athletes may be at increased risk for physical consequences
of intensive training programs or competition than their nonathletic child
counterparts. Routine growth assessment is essential in assuring mainte-
nance of an appropriate growth pattern, assessing effects of training and
competition, and identifying child athletes at risk for disordered eating.
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Utilizing body composition data to design training programs intended to
enhance physical performance in child athletes is not recommended.

The goal for child athletes is to enjoy sports/physical activity while main-
taining a healthy lifestyle. Recommendations to assure appropriate and reli-
able assessment of growth in child athletes are as follows:

1. Monitor and assess HT and WT measurements at least annually.
a. Plot HT, WT, and BMI percentiles on age- and gender-specific

growth charts (updated 2000 CDC/NCHS).
b. Plot growth data in a longitudinal fashion.
c. Multiple data plots required for meaningful assessment.

2. Interpretation of appropriate growth pattern includes:
a. HT and WT encompassed by 5th and 95th percentiles.
b. HT and WT percentiles < 5th or > 95th indicates need for med-

ical or nutritional evaluation.
c. HT and WT percentiles should track parallel to established

growth channels over time. Crossing (upward or downward)
of two or more percentile rankings indicates need for medical/
nutritional evaluation.

d. BMI best utilized as a marker of overnutrition. Exercise extra
caution when interpreting BMI in highly muscled or lean child
athletes.

i. BMI < 85th percentile indicates normal range.
ii. BMI ≥ 85th but < 95th percentiles indicates risk of over-

weight.
iii. BMI ≥ 95th percentile indicates overweight.

3. Monitor body composition to evaluate/track effects of training/
competition:
a. TSF — estimates percent body fat; especially in lean child ath-

letes.
b. MAC — estimates large shifts in lean tissue body mass.
c. MAMA — estimates magnitude of shifts in lean tissue body

mass; not sensitive in obese children.
d. BIA — estimates percent body fat; limited application in child

athletes.
4. Interpretation of TSF, MAC, and MAMA measurements include:

a. Utilization of age- and gender-specific standardized reference
data to estimate percentile rankings.

b. Normal range encompassed by 5th and 95th percentiles.
c. Percentile rankings < 5th or > 95th indicates need for medical/

nutritional evaluation.
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d. Coordination with other growth chart data.
5. Reliable anthropometric data collection should include:

a. Collection of data by trained personnel.
b. Appropriate measurement tools routinely maintained and

calibrated.
6. Individual application of growth assessment data in child athletes.
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I. Introduction

 

The average layperson considers the process of growth an uncomplicated
and uniform affair whereby a young person simply becomes taller and
heavier. However, the process of growth is far more complicated. Although
individuals follow similar general growth trends, certain important differ-
ences are specific to each individual. The two primary indicators of growth
status and the most common anthropometric measurements are stature
(standing height) and body mass (body weight). The accurate measurement
of these physical characteristics tells us a great deal about maturation and
nutritional status and enables a basis of comparison between individuals of
the same chronological age. The variability in the timing of puberty also has
important physical, social and psychological consequences. Implications for
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physical growth include differences in size and shape as reflected in stature,
body mass, body proportions and body composition. In adolescent athletes,
linear growth may provide an indication of general health and nutrition and
adequacy of energy intake in relation to training volume.

 

1

 

The aim of this chapter is to provide an overview of the main options
available for the assessment of physical growth in adolescent athletes. A
related aim is to consider the relative strengths and limitations of each of
the assessment techniques presented. Decisions regarding the choice of
assessment technique must also take account of the specific features of the
growth process, particularly pubertal growth. Anthropometry, the system-
atized measurement of size and shape of the human body, represents the
most prominent group of techniques used in the quantification of growth
and development. As a consequence, the chapter is dominated by reference
to anthropometry and kinanthropometry. Kinanthropometry has gained
widespread acceptance in relation to measurement and evaluation of differ-
ent aspects of human movement

 

2

 

 and individual variability in body size,
shape, proportions and composition.

 

3

 

 Other field methods used for the
assessment of body composition in athletes are also discussed and, finally,
reference is made to laboratory methods that may form part of an assessment
profile for some adolescent athletes.

 

II. Growth Process

 

Growth refers to an increase in physical size of the whole body or any of its
component parts. An important feature of the increase in physical size of
adolescents is the considerable intra- and interindividual variability. Indi-
vidual body parts do not grow at the same rate nor does growth of these
parts cease when physical maturity is attained. The character and degree of
synchronic or asynchronic growth can also show marked individual vari-
ability, that is, some individuals develop in a more harmonious way than
others. Therefore, the proportionality of the organism is also changing and
this feature of physical growth has important implications for the involve-
ment of adolescents in sport and physical activity.

 

III. Adolescence

 

Adolescence is the period of growth and development during which a child
grows to adulthood. Chronologically, adolescence may extend from about
12–13 years of age to the early 20s. A wide individual variation is influenced
by environmental and cultural conditions. The upper developmental limit
of adolescence is not clear because no objective physiological traits can be
used to define an end point. Physiological and psychological changes during
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adolescence prepare the individual for mature adult biological and emo-
tional functioning. All changes concern both morphological and physical
performance characteristics. Adolescence tends to start earlier in girls than
in boys. Puberty is a more restrictive term for the biological and physiological
changes associated with physical and sexual maturation. While some
changes due to puberty may not be manifest clinically until the second
decade, subtle physiological changes may occur as early as 8 years of age.
Pubescence is the time during which the reproductive functions mature. This
includes the appearance of secondary sexual characteristics and physiolog-
ical maturation of the primary sex organs. Puberty is reached when full
reproductive maturity has been achieved.

 

4

 

IV. Hormonal Changes During Adolescence

 

The specific trigger —or triggers — of adolescence and puberty is not known,
although it appears to be the response of the anterior pituitary to a stimulus
from the hypothalamus. There is evidence that, with maturation, sensitivity
to the inhibition by gonadal sex hormones of the hypothalamus and other
central nervous system centers decreases. This causes an increase in hypo-
thalamic releasing factors and subsequent increase in pituitary tropic hor-
mones. This, in turn, results in an increase in gonadal and sex hormones. In
the middle of puberty in girls, there is also a stimulating effect of requisite
amounts of estrogens on the hypothalamus, causing an increase in luteiniz-
ing hormone. The gonadotropic hormones, follicle-stimulating hormone
(FSH), luteinizing hormone (LH) and prolactin are the major hormones
involved. Serum gonadotropin levels during early childhood are low in both
sexes and increase during adolescence in association with pubertal genital
staging.

The female hormones, the estrogens, are produced in the ovaries, testes
and adrenals. Estrogens produced before puberty are probably of adrenal
origin and start to increase at approximately 11 years of age. The secretion
of estrogens assumes a cyclic pattern that appears approximately 2 years
before menarche. Gradually, the secondary sex characteristics appear and,
during this period, morphological characteristics and the level of perfor-
mance can change in a characteristic way along with other changes.

In boys, the adrenal cortex and the testes produce the androgenic hor-
mones, the former contributing approximately two thirds. Some of the ear-
liest changes in adolescence are a by-product of androgen stimulation. The
androgens are responsible for the development of sex organs, growth of
pubic hair, and enlargement of the larynx that results in the deepening of
the voice. The androgens are also believed to be responsible for the growth
spurt during adolescence and for the increase in muscular development.

 

4

 

Serum testosterone levels in males are related to pubertal stage.
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The adrenal corticoids are excreted in gradual increments from birth to
maturity. In adults they correlate with body size and appear to have no
relation to age or sex. Thyroid hormones may decline slightly during puberty,
reaching the lowest level in the period of greatest sexual maturation. Par-
athyroid hormone is believed to increase slightly during adolescence.

 

V. Changes of Growth

 

One of the most obvious features of the adolescent period is the acceleration
of growth. Therefore, it is logical to use the growth spurt to assess the stage
of development of the individual. The start of the growth spurt varies con-
siderably, consistent with the above mentioned hormonal changes.

The growth spurt commonly occurs earlier in girls than in boys, usually
between 11 and 14 years of age. In boys, the growth spurt generally appears
between 12 and 16 years. In recent decades, considerable secular changes
have resulted in taller and heavier adolescents and the earlier appearance
of menarche. This trend has been seen in more developed countries. In
contrast, the acceleration of growth commonly appears later in the countries
of the Third World. The trend has been explained by different diet, especially
the amount of energy and proteins, which significantly influence the final
level of somatic development (height, weight, body mass index, and lean
body mass including musculature). Differences in developmental changes
are reflected in measurements such as height and weight. BMI reveals con-
siderable variability in different parts of the world.

 

5,6

 

 The age of maximum
velocity of growth acceleration may occur anywhere between the ages of 11
and 17 years. The growth spurt in girls is usually slower and less extensive
than in boys. Body composition evaluation in boys during adolescence has
shown that the period of maximal height and weight increases corresponds
to the period of maximal lean body mass development. At the same time,
the absolute and relative amount of depot fat fluctuated, and does not show
consistent changes and relationship to peak height velocity.

 

7

 

The adolescent growth spurt proceeds in a consistent order. Leg length
usually begins to increase first and is the first measure to reach the adult
value. After several months there is an increase in chest breadth and hip
width. Shoulder width increases later and is followed by an increase in trunk
length and chest depth. Most of the changes in weight and musculature tend
to occur after the bone growth spurt of the long bones.

 

VI. Psychological Changes

 

During adolescence there are significant changes in cognitive development,
the development of ego, and the emergence of personal and sexual identity.
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At this time, the adolescent begins to break away from parental influence
and the peer group attains increasing importance and may even dominate
the adolescent’s thinking and behavior. In a group setting, the adolescent
finds the sense of security is a source of comfort in dealing with conflict.
This may cause, in the case of negative stimuli of a particular group, great
problems concerning behavior and the learning discipline. The regular par-
ticipation of youth in organized sport has a major positive impact from both
the short- and longer-term perspective. Psychological factors can also deter-
mine whether an adolescent participates or avoids such activities, with all
the associated consequences.

 

VII. Pubertal Growth

 

Numerous changes during the growing years are obvious, yet arguably, the
most definitive encompass the time of puberty. This dynamic period is
marked by rapid changes in body size, shape and composition, all of which
are sexually dimorphic.

 

1

 

 The comprehensive nature of the physical changes
at puberty has been classified in a variety of ways. The following represen-
tation, adapted from Marshall,

 

8

 

 provides a useful introduction to the various
considerations that may influence the assessment of the most apparent
changes in growth during adolescence:

• An acceleration followed by deceleration of skeletal growth (the
adolescent growth spurt)

• Changes in body composition affecting the distribution of subcu-
taneous fat and alterations in lean tissue with growth in skeletal
and muscular tissue

• A refinement in the cardiorespiratory system, contributing to an
increase in strength and endurance, particularly in boys.

• Development of the reproductive organs and associated secondary
sexual characteristics

• A compendium of neuroendocrine elements that modulate these
changes

As mentioned previously, the age of onset of puberty equates to a biological
(skeletal) age of approximately 11 years in girls and 2 years later at 13 years
in boys.

 

9

 

 While the pubertal events are generally orderly and predictable,
the timing and tempo of puberty are quite variable. Normal biological vari-
ability may be increased as a function of adjustments in energy intake and
energy expenditure. For some adolescents, sport and physical activity that
requires a high training volume and also stresses weight control, for example
champion gymnasts, can be potentially hazardous in terms of short- and
longer-term health status.

 

10

 

 For many groups in society, including adolescent
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athletes, issues related to body size, shape, weight and fatness are extremely
important.

 

11

 

 The most common strategies used by adolescents who wish to
alter their body size and weight are diet and exercise.

 

11

 

 However, diet and
exercise are commonly abused by such individuals

 

10

 

 and the primary moti-
vation for change is cosmetic or appearance related rather than to improve
health.

 

11

 

 In relation to sports performance, inappropriate diet and exercise
behaviors are often mediated by the desire to attain a low level of body fat,
which is widely considered a desirable physical characteristic. Many athletes
work hard to attain a lean and perceived “ideal” body size and shape for
their sport.

During the adolescent growth spurt, girls, on average, attain a peak height
velocity of 9 cm. per year at 12 years of age with a total increment in stature
during this growth period of approximately 25 cm. In contrast, boys attain a
peak height velocity of 10.3 cm. per year on average 2 years later than girls.
Overall, an increase of 28 cm. in stature can be expected. The later appearance
and greater peak height velocity in boys provides a longer time period for
linear growth in boys and, in combination, these factors contribute to the
biological gender difference in stature of adults of approximately 13 cm.

 

VIII. Changes in Body Composition

 

Marked changes in body mass and composition also occur during puberty.
During the adolescent period, both genders show significant body mass
increases, in the order of 50% of adult weight. Peak weight velocity in girls
occurs approximately 6 months later than peak height velocity, whereas in
boys it occurs at approximately the same time. The preferential deposition
of body fat in girls and skeletal muscle in boys represents the profound and
obvious body composition changes during adolescence. In relation to skel-
etal growth, the characteristic increases in shoulder breadth as opposed to
pelvic breadth in girls also become pronounced at this time. From the per-
spective of body shape, the combined effects of body fat increase or change
in deposition, and skeletal changes result in the characteristic android and
gynoid shapes in males and females, respectively.

The increase in testosterone release causes an enhanced development of
skeletal musculature and an increase in total lean body mass, given concur-
rent changes in all internal organs. The same appears in girls but the increase
in musculature is significantly smaller. The ratio and absolute amount of
lean body mass in boys increases significantly, often at the expense of depot
fat, however, this depends directly on the status of energy balance or diet
and physical activity.

 

7,10

 

 In girls, the ratio of depot fat increases more signif-
icantly and this results in a decrease in the percentage of lean body mass.
However, energy intake and expenditure and the resulting balance also
influence the changes in body composition in girls.

 

12

 

 When comparing dif-
ferent age categories, the differences in lean body mass and depot fat ratio
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are most apparent at the time of puberty, later these differences are much
smaller.

 

7

 

In addition to the changes in depot fat, the distribution of subcutaneous
fat is altered significantly with the characteristic android and gynoid fat
distributions evident at later stages of puberty. In obese adolescents, the
percentage of lean body mass and depot fat is often the same, with little
difference in the distribution of fat.

Adaptation to training in different sport disciplines can markedly influence
body composition characteristics. The deposition of body fat is commonly
significantly decreased in adolescent athletes of both sexes and there may
also be differences in the distribution of subcutaneous fat, depending on the
specific training emphases and muscle usage in various sport disciplines.

 

12,13

 

The assessment of body size and shape of adolescent athletes has a number
of important applications. These include the identification of talented ath-
letes, the assessment and monitoring of the growing athlete, the monitoring
of training and performance, and the determination of optimal adiposity
and muscularity for events classified according to weight.

 

2

 

IX. Assessment Challenges: Validity, Reliability and Efficacy

 

The assessment of growth in adolescents also presents numerous challenges,
including the determination of appropriate choice between various method-
ologies or techniques. Due reference must be made to the validity, reliability
and efficacy of an instrument and this should inform the decision-making
process. Validity refers to the extent to which the measurement or method
is a true indication of the variable being assessed.

 

14

 

 Reliability (or repeatabil-
ity, reproducibility) refers to the extent to which a method produces similar
values on two or more occasions and may be expressed in terms of intra- or
intertester reliability. The terms “precision” and “accuracy” are often used
to reference the ability of a measurement technique to produce a constant
or stable value.

 

15

 

X. Anthropometry

 

A. Measurement of Body Size and Shape

 

Anthropometric measurements can be used to assess body size and propor-
tions as well as total body and regional body composition of athletic popu-
lations. Measures include stature and body mass, proportions of body
segments, circumferences, skinfold thickness, skeletal diameters, and seg-
ment lengths.

 

16

 

 Anthropometry is the only method that has been validated
against cadaveric material

 

17

 

 and has numerous advantages over other assess-
ment techniques. Anthropometry, which is noninvasive, does not impinge
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on performance, the equipment used is portable and therefore able to be
used in a range of settings, and is also relatively inexpensive. An anthropo-
metric profile of each athlete may be composed of either a small number of
physical measurements or a more comprehensive grouping.

 

2

 

B. Stature and Body Mass

 

The two most commonly employed anthropometric measurements are stat-
ure and body mass. The significance of each measure can be determined
accurately only with due consideration of the other parameter. A range of
factors, including diurnal variation, influences the measurement of stature.
Therefore, a standardized procedure should take into account the time of
the day when measurements are taken, recent participation in vigorous
physical activity and a consistent postural position.

It is preferable to measure stretch stature using the following procedure.
The measurement is the maximum distance from the floor to the vertex of
the head (highest point on the skull when the head is held in the Frankfort
plane). The barefoot subject is instructed to stand upright with heels
together and arms hanging naturally at the sides. The subject’s heels,
buttocks and back should be in contact with the vertical surface and he or
she is instructed to “look straight ahead” and “take a deep breath.” A
gentle stretch is applied by cupping the subject’s head; firm traction is
applied under the mastoid processes to ensure that the heels do not rise
and a horizontal headpiece is depressed against the vertex. The vertical
measure is taken to the nearest 0.1 cm.

The measurement of body mass is often considered simple and straightfor-
ward but there are numerous potential sources of error and measurement is
subject to considerable variation. Every attempt should be made to standardize
the measurement protocol. As for stature, a possible variation in the measure-
ment of body mass is not surprising. Accuracy of measurement is largely
dependent on the degree of hydration of body tissues, the time of last ingestion
of food and drink and the recency of urination and bowel movement. An
increase in body mass during adolescence may be attributable to any one of
the various components of body composition, namely, skeletal weight, total
body water, muscle tissue or adipose tissue. Measurement scales, preferably
beam-type, should be regularly calibrated and mounted on a firm surface.
Body weight should be recorded to the nearest 0.1 kg. Measurement of nude
weight is optimal, however, if this is not possible, the athlete should wear a
consistent amount of clothing of a known weight (for example, a bathing suit).
Repeat measures may be useful to ensure reproducibility.

 

C. Proportions of Body Segments

 

Different parts of the developing human body do not grow at the same pace.
Consequently, the relationships between body segments vary during different
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periods of growth. This results in varying proportionality of the individual.
The variability among individuals also changes during various periods of
growth, especially before and during puberty. The synchrony or asyn-
chrony of growth can also vary among individuals as a result of level of
trainability and the standard of athletic performance. Individual variability
also changes during various periods of growth, especially before and dur-
ing puberty.

Individual size and shape, including proportionality, predisposes individ-
uals to certain sports. For example, a shorter stature with relatively short
lower extremities can be advantageous for gymnasts. In contrast, a longer
lower limb is suited to jumping, running and team sports such as basketball
and volleyball. Adult proportions are usually established during puberty,
and the evaluation of these morphological characteristics is an important
tool for the selection of body types physically predisposed to a particular
type of sport performance. In some cases, not only body stature, but also
the proportionality of the figures of the parents has been considered in the
selection of young athletes for specific tasks and training in certain sport
disciplines.

Various indices relating the length of the trunk (usually assessed as sitting
height) to the length of lower extremities, or to various breadth measures
(biacromial, chest, bicristal or bitrochanteric breadth) have been used to
characterize athletes for various sport disciplines. For example, relatively
narrow shoulders characterize most runners but commonly they have long
legs. In contrast, athletes in throwing and lifting disciplines have relatively
broad shoulders and shorter legs. In some sports, such characteristics can
be greatly advantageous to an athlete and also be related to particular posi-
tions in team sports, such as in football. For other team sports, a wide range
of size and shape is catered for. It must be remembered that physical char-
acteristics are but one of many groups of interacting factors influencing
performance outcomes.

 

D. Circumferences

 

A range of circumference measures can be used to assess the adolescent
athlete, but most involve the trunk and upper and lower extremities. Chest
circumference at rest, during inspiration and expiration and the difference
between the two latter measures give an important estimation of the respi-
ratory capacity, which correlates significantly with vital capacity. Abdominal
circumference at the level of the navel and maximal gluteal circumference
reveal not only the absolute values at these sites but also characterize the
distribution of fat. For example, the waist circumference and waist:hip ratio
have been widely accepted as important for the evaluation of relative over-
weight and obesity, athletes included. The difference or relationship between
chest and abdominal circumference characterizes the fitness status of the
individual and is also used in adolescents.

 

18
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E. Skinfold Thickness

 

Various skinfold thicknesses are used to predict the amount of subcutaneous
fat and also to define fat distribution. If it is possible to measure only a single
site, the recommended location is under the chin, over the hyoid bone. More
commonly, two (triceps and subscapular) or five skinfolds (triceps and sub-
scapular plus biceps, suprailiac and calf) are assessed.

 

19

 

 Other researchers
commonly measure 10 or 11 skinfolds (with the addition of the submandib-
ular skinfold, two sites on the thorax, abdomen and thigh).

 

7,20

 

 The commonly
cited maximum number of measured skinfolds is 93.

 

7,21

 

A wide range of calipers has been used for the assessment of skinfold
thickness, and most often the Harpenden or Lange caliper. The Harpenden
caliper was originally designed to measure the thickness of leather and there
was no extensive adaptation of the instrument for use in anthropometry. An
assumption is that the pressure on the measured skinfold is always the same,
irrespective of skinfold thickness or age of the individual being measured.
However, there is considerable evidence to suggest that tissue compressibil-
ity can vary. The modified Best caliper is arranged so that regular calibration
is possible. By pressing the jaws of the caliper to a special hallmark, pressure
can be checked and reset if necessary. This possibility is very important when
measuring small children or infants, aged subjects, or subjects with different
degrees of obesity.

 

7

 

 In the measurement of predominantly lean young chil-
dren or adolescent athletes, the measurement error due to nonhallmarked
and noncalibrated calipers may be negligible.

 

F. Skeletal Diameters

 

Breadth measures characterize the robustness of the skeleton. As mentioned
above, trunk breadths (biacromial, chest width and depth), and hip breadths
(bicristal and bitrochanteric) are commonly measured. On the extremities,
the humeral and wrist breadth on the arm, and the femoral and ankle breadth
on the leg are also common measurements. These measures can vary mark-
edly among athletes involved in various sport disciplines.

 

G. Segment Lengths

 

For a more detailed characterization of skeletal development and proportion-
ality, individual segments on the arm (acromiale-humerale and humerale-
ulnare) and leg (iliospinale-tibiale and tibiale-sphyrion) are ascertained.

These measurements are most often reserved for a more detailed charac-
terization of the somatic development of a young athlete. The measurements
addressed in this chapter are a relatively small number of the anthropometric
measurements that may be taken depending on the research focus. The
reader is urged to source more detail from standard textbooks in the area,
e.g., 

 

Anthropometrica

 

 by Norton and Olds.

 

22
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H. Prediction of Adult Stature

 

Adult stature of a young person is best correlated with calculations of mid-
parent stature (the difference in the mean adult statures of the parents.

 

1

 

However, there is greater variation in the size of young people born to
parents of disparate heights than in young people of parents who are both
of medium stature.

 

23

 

 Numerous other methods can be employed to predict
adult stature of a young person and rely on calculations that include growth
history.

 

XI. Body Composition

 

The assessment of body composition in adolescents can be challenging
because of differential maturation at a given chronological age. The reader
is encouraged to source the extensive overviews, provided by a number of
recent publications, of the assessment of body composition in pediatric pop-
ulations.

 

16,24,25

 

 An overview of the recognized elements in body composition
assessment is referenced here. Commonly, body composition analysis
involves subdividing body mass (weight) into two or more compartments
according to elemental, chemical, anatomical or fluid components.

 

26,27

 

 Tradition-
ally, body composition assessment has been based on the two-compartment
model in which the body is divided into fat mass (FM) and fat-free mass
(FFM).

 

28–30

 

 More recently, there has been widespread use of multi-compartment
models coincidental with advances in technology related to body composition
assessment.

 

31,32

 

 Generally, the following components have composed such
models: total body water (TBW) incorporating extracellular (ECW) and intra-
cellular (ICW) water, FM, bone mineral (BM) and protein (P).

Another bias is the derivation of various regression equations using body
density as the basic data for the calculation of the ratio of depot fat and fat-
free lean body mass. There are numerous equations, but most of them have
not been validated by a direct method (either anatomical or biochemical).
Results using such equations may not differ markedly, however, the mea-
surement error may be much greater. As concluded by many authors, it may
be preferable to use direct results, that is, total body density or the sum of
skinfolds as an indicator of body composition status rather than to confuse
the results by additional calculations.

One of the assumptions of the two-compartment model is that the FM and
FFM have constant densities (0.0900 kg/l and 1.100 kg/l, respectively).

 

33

 

Another assumption is that the relative amounts of the three major compo-
nents of the FFM (aqueous, mineral, and protein) are known additives, and
constant in all individuals.

 

34

 

 This model has serious limitations when used
on individuals (such as children and adolescents) who differ from the refer-
ence population in bone mineralization or hydration of their FFM. Adult
values for the chemical composition of the FFM are not achieved until
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approximately 17–20 years of age. Overestimation of FM is common in
children and adolescents when using the two-compartment model.

 

35

 

All body composition assessment methods other than cadaveric approaches
are indirect. Many body composition techniques are referred to as doubly
indirect, meaning that they rely on another indirect method and are subject
to the estimation errors inherent in that and subsequent iterations of the data
and, at best, provide estimations or predictions of actual composition.

Body composition assessment methods range from simple and inexpensive
field methods to highly complex and expensive laboratory procedures.
Durnin

 

36

 

 suggests that one carefully appraise exactly what aspect of body
composition one wishes to assess in order to choose the best method in the
circumstances. Important considerations for all assessment methods are:

• The degree of skill needed by the tester
• The type of equipment required
• The degree of cooperation expected of the subject
• The validity and reliability of the method

The more popular field methods for the assessment of body composition
are anthropometric measures (including skinfolds and circumferences), and
bioelectrical impedance analysis (BIA). In contrast, the laboratory procedures
of hydrodensitometry, dual energy x-ray absorptiometry (DXA), total body
electrical conductivity (TOBEC), total body water (TBW), magnetic reso-
nance imaging (MRI) and total body potassium (TBK) are generally not
available for routine assessments of large numbers of adolescent athletes.

 

A. Anthropometric Indices

 

Anthropometric indices include the Body Mass Index (BMI) and the waist
to hip ratio (WHR). Apart from skinfolds, most measures are relatively
simple and inexpensive and do not require a high degree of technical skill.
However, high subject cooperation is required, which may present chal-
lenges in the assessment of younger athletes.

Potential sources of error in the use of anthropometric methods are the
equipment, the technical skill of the tester, subject factors, and the prediction
equation selected to estimate body composition. Prediction equations have
been published for use in children and adolescents and use combinations of
circumferences and skeletal diameters to predict body density.

 

B. Body Mass Index (BMI

 

)

 

BMI is the most commonly employed anthropometric index to predict rela-
tive overweight. However, the value of the index in children and adolescents
is regularly questioned. In children younger than 15 years of age, BMI is not
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totally independent of height and thus should be used with caution. The
calculation of BMI may add little value in the assessment of adolescent
athletes beyond the measurement of stature and body mass.

 

36

 

 Individuals
with the same BMI may have quite different body fat percentages because
of variable proportions of skeleton and muscle in the same body mass.
Prediction of body composition from BMI is also biased in subjects with
either high

 

37

 

 or low body fat content and gives more reliable results only in
subjects with a normal range of body weight and BMI.

 

C. Skinfold Thickness

 

Measurement of skinfold thickness can be used to estimate regional fat
distribution by determining the ratio of subcutaneous fat on the trunk and
extremities. Skinfold calipers measure the double fold of skin and the under-
lying subcutaneous fat.

 

16

 

 A popular and routinely used technique is to
manipulate skinfold measures to derive body fat percentages. This is unnec-
essary, as satisfactory intra- and interindividual comparisons can be made
using the sum of skinfolds from representative anatomical locations.

 

36

 

Advantages of the skinfold measurement technique as a field measure
include the portability of equipment and its relative affordability. However,
the assessment of skinfold thickness requires a high degree of technical skill,
including use of the same calipers to assess change in skinfolds. The same
side of the body should also be used for consistency and the practitioner
should accurately measure the same skinfold sites used in the chosen pre-
diction equation.

 

16

 

 Individuals should not be measured immediately after
exercise and the menstrual cycle of young female athletes should be
accounted for in repeated measurements. Durnin

 

36

 

 has suggested that the
equations developed by Durnin and Womersley

 

19

 

 and Jackson et al. 

 

37.38

 

 are
sufficiently valid for people as young as 10 years of age.

The equations for the calculation of total body fat from skinfolds depend
on the changing relationship between subcutaneous fat (skinfolds) and total
body fat assessed, for example, by densitometry during puberty and ado-
lescence. At younger ages, such as 11 and 12 years, the same skinfolds
correspond to lower total fat content than in 13- and 14-year-old boys.

 

7,10

 

Therefore, it is recommended that special regression equations be derived
— at least for the individuals before and after the beginning of puberty, when
the amount and distribution of fat undergoes relatively greatest change.

 

7

 

 An
ideal, however unlikely scenario, is equations for individual age categories
and stages of sexual development. Moreover, there is also evidence that
regression equations derived for untrained individuals do not give reliable
results for highly trained individuals. This is because, when measuring five
or ten common skinfolds, even when results are comparable, in the highly
trained, the amount of fat over the buttocks or upper parts of thighs (sites
not measured with calipers) is negligible, but in the untrained can be con-
siderably higher. Therefore, we can gain a relatively higher percentage of fat
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that does not correspond to the real status in gymnasts when using equations
for the general population.

 

39

 

D. Densitometry

 

The hydrostatic weighing technique has often been referenced as the gold
standard in body composition assessment. However, Durnin

 

36

 

 maintains that
the method is associated with composite errors in the calculated FFM. The
method is based on the principle that the weight of the submerged human
being is directly related to body density.

 

16

 

 Body density represents a combi-
nation of the density of body fat and FFM. As is the case for all body compo-
sition measures, underwater weighing has a number of limitations,
particularly for use with young people. The technique requires the subject to
be submerged, to exhale air from the lungs and then hold the breath for at
least 10 seconds underwater. The primary shortcomings of the technique relate
to the assumptions of the hydrostatic method. These include the constancy of
the density of FFM, which is affected by hydration status, and contribution of
BM to FFM.

 

40

 

 These components are variable throughout growth and devel-
opment and depend also on the diet and level of physical fitness as a result
of sport training. Moreover, more accurate results could be obtained only when
simultaneously weighing the subjects under the water and measuring the air
in respiratory passages

 

7,20,21

 

 rather than later in the normal atmosphere, as is
commonly the case. However, simultaneous measurements are particularly
difficult, especially in younger children and those who have a fear of being
totally submerged. Nevertheless, the approach has generally been relatively
easy for most athletes of all ages.

 

7

 

 An interesting new methodology involving
air-displacement (BOD POD body composition system) has overcome many
of the problems associated with underwater weighing. However, the tech-
nique requires a much more extensive evaluation.

 

41

 

E. Total Body Water (TBW)

 

Measurements of TBW and extracellular water (ECW) are useful as body
composition assessment techniques, however, one needs to be aware of the
assumptions commonly made with respect to the water fraction of the
FFM.

 

7,42

 

 For adults, the water fraction of 73.2% is commonly used, but this
value is not constant in adults. Some of the estimates include a range from
80% in neonates to adult values of 71–75% attained at the end of the ado-
lescent period.

 

45 

 

Higher levels of water content (that is, above the assumed
values such as 73.2%) will result in an underestimation of percent body fat.
Further, protocols need to ensure that no dehydration or superhydration
situation exists due to increased exercise or increased fluid intake. Children
are renowned for their predisposition to voluntary dehydration.

 

16 

 

TBW mea-
surements have not been used recently for the evaluation of body composi-
tion and the effect of exercise in adolescents. The hydration of lean fat-free

 

0927_C06_frame  Page 128  Thursday, March 21, 2002  1:38 PM



 

Assessment of Growth in Adolescent Athletes

 

129

body mass can vary before and after puberty and, compared with adults,
can also undergo more marked changes before, during and after workload.

 

F. Absorptiometry (Dual Energy X-Ray Absorptiometry — DXA)

 

The analysis of total and regional body composition using the DXA proce-
dure is based on the principle that when a beam of x-rays passes through
the body, the beam is attenuated (or reduced in intensity) in proportion to
the size and composition of the tissue components. Ogle et al.

 

44 

 

compared
DXA with anthropometric measures of body fat using the equations of
Slaughter et al.

 

45 

 

that account for the chemical immaturity of children. The
findings from this work indicated a similar result for percentage BF in males
but in contrast, an overestimation of percentage BF in females. The common
recommendation is that further studies need to be undertaken to validate
the accuracy of DXA measurements in children.

As advantages of the DXA technique, Heyward and Stolarczyk

 

46 

 

identified
high reliability, rapidity of measurement and minimal subject cooperation.
The technique also accounts for differences in bone mineral density of sub-
jects, an important consideration in the assessment of children and adoles-
cents. Some of the disadvantages include further validation of the technique
for children as opposed to adolescents and also the ethical issues associated
with exposure to radiation, albeit minimal. Heyward

 

47 

 

has indicated that
estimates of FM depend on the manufacturer, the mode of data collection
and the software used.

 

G. Bioelectrical Impedance Analysis (BIA)

 

Bioelectrical impedance is an indirect method of measuring total body water
(TBW). The BIA method involves passing a low-level electrical current
through the body and measuring the impedance or opposition to the flow
of current. The electrolytes in the body water are excellent conductors of
electricity. Using an equation (different for each instrument), TBW and there-
fore FFM are calculated and FM (and usually percent body fat) derived.
Because adipose tissue is a relatively poor conductor of electricity due to its
small water content, the resistance in an individual with large amounts of
body fat will be higher than that of an individual with a greater percentage
of FFM. More recent research has considered measurement across multiple
frequencies (MFBIA) instead of the customary single frequency and also
segmental versus whole-body bioimpedance. The limbs primarily influence
electrical resistance, which suggests that the BIA technique may be relatively
insensitive to differences in tissue composition of the trunk.

 

48

 

Schaefer et al.

 

49 

 

found higher intra- and interobserver reliability with BIA
than with skinfold measures in youngsters with a mean age of 11.8
years; however, FFM estimates were similar for both BIA and anthropometry.
Okasora et al.

 

50 

 

compared BIA and DXA as methods of body composition
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assessment in children and found close correlation between percentage BF,
FFM and body fat content. The limitation of this study was that equations
used by the researchers were those of Brozek et al.

 

29

 

 These equations are
widely recognized as inappropriate for use in youths, as they do not account
for the variability of the composition of the FFM in young individuals. Bland
and Altman

 

51

 

 plots or an analysis of the size of the prediction error should
be utilized to determine if there is agreement between the two measures.

The BIA technique is recognized as a useful body composition assessment
technique in children and adolescents because measurement is fast and non-
invasive. It is also inexpensive, painless, requires little subject cooperation,
and does not require a high level of technical skill.

 

49

 

 However, the derived
values using the BIA technique are as good as the prediction equation uti-
lized in the software. That is, if the group of individuals being assessed is
representative of the population from whom the algorithm was derived, the
greater the potential value of the approach.

 

16

 

 The equations of Houtkeeper
et al.

 

52 

 

are recommended for boys and girls 10–19 years of age. Further, the
reliability of a method is dependent on the protocol used in the measurement.
A number of factors influencing BIA measurements can also be influenced
by the following factors:

• The level of hydration of the subject
• Posture
• Environmental or skin temperature
• Age
• Gender
• Athletic status
• Body composition status
• Ethnic origin

Ideally, if the BIA technique is used to assess changes in an individual
over time, biological and environmental variables such as hydration status,
timing and content of last ingested meal, skin temperature and menstrual
cycle must be controlled for.

 

18

 

XII. Summary

 

BIA, skinfolds and anthropometry are the most appropriate for use in the
field. These techniques are most commonly used at present as they have
satisfactory validity providing that appropriate equations are used for the
specific population (gender, age category, level of adaptation to exercise and
so on). The current best prediction equations have been noted in this paper.
BIA may hold the advantage over skinfolds as the technique is less invasive,
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requires less technical skill, has both higher inter- and intra-tester reliability,
is quicker and may be easier to administer to a wider range of individuals.
When experimental assessment is required, densitometry or DXA measure-
ment procedures are preferred. This is especially the case when longitudinal
observations are made (especially during puberty) when the individual is
engaged in sport training. Further development of methods for the evalua-
tion of body composition and morphological characteristics essential for
athletic performance are necessary, especially for adolescent athletes at the
beginning of their sporting careers.
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I. Introduction

 

Anthropometry has a long tradition in physical anthropology and physical
education.

 

 

 

In physical anthropology, more appropriately human biology in
the present context, anthropometry is used primarily to describe the external
dimensions of populations and to assess growth and nutritional status.
Anthropometry is also central to the study of constitution, a field that
involves the interrelationships and interdependency among structural, func-
tional and behavioral characteristics of the individual.

 

1,2

 

 The study of phy-
sique is an aspect of an area of study sometimes labeled human constitution,
which considers associations between physique, or body build and a variety
of behavioral, occupational, disease and performance variables, primarily in
adults.

 

 

 

At present, anthropometric procedures are used to estimate physique.
In physical education, particularly the sport sciences, anthropometry is

used to assess physical status, specifically in the context of health-related
fitness and performance.

 

 

 

Anthropometry was a primary tool in the develop-
ment of the field of measurement (tests and measurements), along with
measures of strength and other functional characteristics.

 

3 

 

The assessment
of physique is also an important tool in the sport sciences.

This chapter focuses on the application of anthropometry to adult athletes.
It has four specific objectives.

 

 

 

First, anthropometric studies of athletes are
briefly reviewed in a historical context.

 

 

 

Second, anthropometric concepts and
methods are summarized.

 

 

 

Third, the anthropometric characteristics of female
athletes in seven sports are described and compared.

 

 

 

And fourth, anthropo-
metric data for athletes are applied in the context of secular change, seasonal
variation and disordered eating.

 

II. Anthropometric Studies of Athletes: Historical Overview

 

Historically, the study of elite athletes has had a central position in the sport
sciences.

 

 

 

The unique physical characteristics of elite athletes and their rela-
tionship to performance were basic questions and anthropometry was cen-
tral to these studies.

 

 

 

The first systematic studies of world class athletes took
place in 1928 at the second Olympic Winter Games in St. Moritz

 

4

 

 and at the
ninth Olympic Summer Games in Amsterdam.

 

5 

 

The studies at the Winter
Games included primarily physiological measurements, although the body
dimensions of male skiers and ice hockey players were reported.

 

6 

 

The
Amsterdam Summer

 

 

 

Games included two primarily anthropometric inves-
tigations of male athletes among the 16 reported papers.

 

7,8 

 

Extensive data for
male swimmers and track-and-field athletes, many of whom represented the
United States at the 1948 Olympic Games in London, included anthropom-
etry, body composition and physiological variables.

 

9 

 

Subsequently, anthro-
pometric observations of elite athletes have been presented on a more or less
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regular basis.

 

 

 

These included two independent studies of male participants
at the 1960 Summer Olympic Games in Rome.

 

10,11 

 

The focus was primarily
on track-and-field athletes in both studies, although several swimmers,

 

11

 

weight lifters and wrestlers from the British Empire Commonwealth Games

 

10

 

were also included.
Surveys at the Summer Olympics in 1968 (Mexico City),

 

12

 

 1972 (Munich)

 

13

 

and 1976 (Montreal)

 

14

 

 were more detailed.

 

 

 

They included both male and
female athletes, a broader array of sports and additional information to
complement anthropometry and physiology.

 

 

 

The Mexico City survey also
included familial and genetic information,

 

12

 

 while the Munich survey
included detailed study of body composition in a limited number of male
and female athletes in several sports.

 

15-17 

 

The Montreal survey included a
concerted effort to study Olympic athletes 

 

≤

 

18 years of age — 47 females
and 17 males.

 

18

 

The studies of Olympic athletes provide information about the body size
and other dimensions, body proportions, physique (somatotype) and body
composition of athletes in a variety of sports, more so for males than for
females.

 

 

 

These data have been summarized in the volume edited by Carter.

 

19

 

Detailed anthropometric studies of elite athletes at specific competitions
and in several countries have also been reported.

 

 

 

For example, the anthro-
pometric dimensions of 125 female track-and-field athletes at the eighth
European Athletic Championships in 1966 were surveyed.

 

20 

 

Others are the
comprehensive anthropometric analysis of the best athletes, both adolescent
and adult, in the former German Democratic Republic,

 

21 

 

and anthropometric
and somatotype studies of Dutch,

 

22

 

 Indian,

 

23

 

 Bulgarian,

 

24

 

 Venezuelan

 

25

 

 and
Mexican

 

26

 

 athletes.

 

 

 

Two comprehensive studies of the anthropometric and
somatotype characteristics of athletes in specific sports have been recently
reported.

 

 

 

These include male and female participants in aquatic sports
(swimming, synchronized swimming, diving, water polo) at the sixth Fed-
eration Internationale de Natation Amateur (FINA) championships in 1991,

 

27

 

and male soccer players at the 1995 American Cup (la Copa América).

 

28 

 

Much
of the data on the body size and somatotypes of athletes of both sexes are
summarized in Carter and Heath.

 

29

 

Anthropometric studies of elite athletes thus have a relatively long history
in the 20th century, spanning about 75 years.

 

 

 

Earlier studies focused largely
on male athletes in a limited number of sports, whereas more recent studies
include athletes of both sexes in a greater number of sports.

 

 

 

Given the time
frame of the studies, the issue of secular changes in body size is of interest.
Male track-and-field athletes at the 1972 Olympic Games, for example, were
taller (2–3 cm) than those at the 1960 Olympic Games.

 

30 

 

On the other hand,
there were no secular differences in the body size of Olympic athletes 

 

≤

 

18
years of age at the Mexico City, Munich and Montreal Games.

 

31 

 

Sampling
variation associated with generally small numbers and changing ethnic com-
position are confounding factors in secular comparisons of Olympic athletes.

Secular comparisons of athletes within specific sports indicate both posi-
tive and negative trends.

 

 

 

For example, American football players (all white)
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at the University of Texas in the 1960s were, on average, 6.6 cm taller and
16.1 kg heavier than those early in the 20th century (1899–1910).

 

32 

 

The size
of American professional football players is a topic of regular discussion in
the sports media.

 

33 

 

In a more restricted time period, basketball players at the
University of Kentucky in 1968 were 5.1 cm taller and 9.4 kg heavier than
those in 1948.

 

34 

 

On the other hand, recent samples of elite artistic gymnasts
are younger, shorter and lighter than those in the 1970s.

 

35,36

 

Secular trends in the body size of athletes need to be interpreted in the
context of recruiting and changing style of play in some sports (American
football, basketball) and selection practices and changing technical demands
in other sports (gymnastics, figure skating).

 

 

 

Changes in methods of training
and diet are also important.

 

 

 

Dietary restriction has been implicated in the low
body weights of artistic gymnasts and figure skaters.

 

 

 

The well-documented
use of anabolic steroids and other chemical substances in several Eastern
European countries

 

37,38

 

 is an additional factor that needs to be considered in
evaluating earlier anthropometric data from these countries.

A related factor in secular comparisons of athletes is the enhanced oppor-
tunities in sport for girls and women.

 

 

 

This is best exemplified in the United
States in the effects of Title IX of the Education Amendments Act of 1972.
The relevant section states as follows:

 

 

 

“No person in the United States shall,
on the basis of sex, be excluded from participation in, be denied the benefits
of, or be subjected to discrimination under any educational program or
activity receiving Federal financial assistance….”

 

39 

 

The regulations imple-
menting Title IX were put into effect in 1975 and specifically included high
school and collegiate athletic programs.

 

 

 

As a result, opportunities for girls
to participate in sport at the high school level and to continue participation
at the collegiate level were expanded.

 

 

 

Implementation was incomplete and
there were many gender equity lawsuits in an attempt to accommodate
women athletes.

 

39

 

 An item of interest is the comparison of athletes before
and after the legislation went into effect.

 

 

 

With Title IX, scholarship support
was more available for women athletes at many colleges and universities
and the better athletes were more highly recruited.

 

III. Concepts and Methods

 

Anthropometry is a set of standardized techniques for systematically taking
measurements of the body and parts of the body, i.e., for quantifying dimen-
sions of the body.

 

 

 

It involves the use of carefully defined body landmarks
for measurements, specific subject positioning for the measurements and the
use of appropriate instruments.

 

 

 

Measurement, of course, is objective and
nonjudgmental.

 

 

 

Evaluation of measurements requires interpretation and is
judgmental.

An important issue is the selection of measurements because the number
of dimensions that can be taken on an individual is almost limitless.
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Measurement selection depends on the purpose of a study and the specific
question(s) under consideration.

 

 

 

Each measurement should provide a spe-
cific bit of information that contributes to the question(s) under study.

 

 

 

Mea-
surement for the sake of measurement (i.e., just to have the data available)
is not appropriate.

Several more commonly used anthropometric dimensions are subse-
quently described.

 

 

 

Each provides a specific bit of information on the external
physical characteristics, more appropriately, dimensions of the individual.
Techniques of measurement are described in the Anthropometric Standard-
ization Reference Manual.

 

40

 

 Other dimensions can be measured, but the
choice of measurements depends on the information desired in the context
of a study.

 

41,42

 

A. Overall Body Size

 

Weight and stature (height) are the two most often used measurements of
growth.

 

 

 

The terms stature and height are used interchangeably.

 

 

 

Body weight
is a measure of body mass; it is more appropriately called body mass, but
the term “weight” is entrenched in the literature.

 

 

 

Body weight is a composite
of independently varying tissues.

 

 

 

Although weight should be measured with
the individual nude, this is often impractical; it is thus taken with the indi-
vidual attired in ordinary indoor clothing without shoes (e.g., gym shorts
and a T-shirt).

Stature, or standing height, is a linear measurement of the distance from
the floor or standing surface to the top (vertex) of the skull.

 

 

 

It is measured
with the subject in a standard erect posture, without shoes.

 

 

 

Stature is a
composite of linear dimensions contributed by the lower extremities, the
trunk, the neck and the head.

Stature and weight show diurnal variation — variation during the course
of a day.

 

 

 

This can be a problem in short-term longitudinal studies in which
apparent changes might simply reflect variation in the time of the day at
which the measurement was taken.

 

 

 

Stature is greatest in the morning upon
arising from bed and decreases as the individual assumes upright posture
and walks about.

 

 

 

The “shrinking” of stature occurs as a result of compression
of the fibrous intervertebral discs.

 

 

 

With the force of gravity imposed by
standing and walking, the discs are gradually compressed.

 

 

 

As a result, stat-
ure diminishes by a centimeter or more.

 

 

 

The loss of stature is limited to the
vertebral column and thus to sitting height (see below).

 

 

 

Compressive forces
associated with vigorous physical activity also contribute to the diurnal
reduction in height.

For body weight, the individual is lightest in the morning, specifically
after voiding the bladder upon arising.

 

 

 

Body weight then increases grad-
ually during the course of the day and is affected by diet and physical
activity.

 

 

 

Phase of the menstrual cycle also affects diurnal variation in body
weight.

 

0927_C07_frame  Page 139  Thursday, March 21, 2002  1:39 PM



 

140

 

Nutritional Assessment of Athletes

 

B. Components of Stature

 

Sitting height, as the name implies, is height while sitting and includes the
head, neck and trunk.

 

 

 

This measurement is especially of value when used
with stature.

 

 

 

Stature minus sitting height provides an estimate of length of
the lower extremities (subischial length or leg length).

 

 

 

By definition, lower
extremity length is the distance between the hip joint and the floor, with the
individual standing erect.

 

 

 

Precise location of the hip joint landmark is diffi-
cult in the living individual.

 

 

 

Hence, lower extremity length is most often
defined as the difference between stature and sitting height.

 

C. Skeletal Breadths

 

Breadth or width measurements are ordinarily taken across specific bone
landmarks and therefore provide an indication of the robustness, or sturdiness,
of the skeleton.

 

 

 

Four skeletal breadths are commonly used to provide infor-
mation about the robustness of the extremity and trunk skeleton.

 

 

 

Biacromial
breadth measures the distance across the right and left acromial processes of
the scapulae and provides an indication of shoulder breadth.

 

 

 

Bicristal breadth
measures the distance across the most lateral parts of the iliac crests and
provides an indication of hip breadth.

 

 

 

Breadths across the bony condyles of
the femur (bicondylar breadth) and the humerus (biepicondylar breadth) pro-
vide information on the robustness of the extremity skeleton.

 

D. Limb Circumferences

 

Limb circumferences are used as indicators of relative muscularity.

 

 

 

Note,
however, that a circumference includes bone surrounded by a mass of muscle
tissue that is ringed by a layer of subcutaneous adipose tissue.

 

 

 

Thus, a
circumference does not provide a measure of muscle tissue per se; however,
because muscle is the major tissue composing a circumference (except per-
haps in obese individuals), limb circumferences are used to indicate relative
muscular development.

 

 

 

The two more commonly used limb measurements
are the arm and calf circumferences.

 

 

 

The former is measured with the arm
hanging loosely at the side and the measurement is taken at the point
midway between the acromial process of the scapula and olecranon process
of the ulna (tip of the elbow).

 

 

 

The latter is measured as the maximum cir-
cumference of the calf, most often with the subject in a standing position
and the weight evenly distributed between both legs. Arm circumference is
also measured in the tensed or flexed state (see below).

 

E. Skinfold Thicknesses

 

Skinfold thicknesses are indicators of subcutaneous adipose tissue.

 

 

 

They are
measured in the form of a double fold of skin and underlying subcutaneous
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tissue with special calipers.

 

 

 

Skinfolds can be measured at any number of
body sites.

 

 

 

Most often, to provide information on the relative distribution of
subcutaneous fat in different areas of the body, they are measured on the
extremities and on the trunk.

 

 

 

More commonly used skinfold sites on the
extremities include the following:

• Triceps — on the back of the arm over the triceps muscle at the
same level as arm circumference

• Biceps – over the biceps muscle at the same level as arm circum-
ference

• Mid-thigh – over the anterior thigh at the level midway between
the inguinal crease and the proximal border of the patella

• Medial calf — on the inside of the calf at the level of calf circum-
ference. 

The forearm and lateral calf skinfolds are occasionally used.

 

 

 

The lateral
and medial calf skinfolds are used for estimating calf muscle circumference.

More commonly used skinfold sites on the trunk include the following:

• Subscapular — on the back just beneath the inferior angle of the
scapula

• Suprailiac — over the iliac crest in the midaxillary line
• Abdominal — a horizontal fold lateral and inferior to the umbilicus

The Heath-Carter anthropometric somatotype protocol

 

29

 

 (see below) uti-
lizes a suprailiac skinfold, but it is measured over the anterior superior iliac
spine (supraspinale).

 

F. Quality Control

 

Implicit in studies using anthropometry is the assumption that every effort
is made to ensure the accuracy and reliability of measurement and standard-
ization of technique.

 

 

 

Also implicit is the assumption that the measurements
are taken by trained individuals.

 

 

 

This is essential to obtain accurate and
reliable data and to enhance the utility of the data from a comparative
perspective.

 

 

 

Reliable and accurate data are especially critical in serial studies
where the same individual is followed longitudinally over time, either short-
or long term, in which the definition of rather small changes may be neces-
sary and technical errors associated with measurement can mask true
changes.

Error is the discrepancy between the measured value and its true quantity.
Measurement error can be random or systematic.

 

 

 

Random measurement
error is a normal aspect of anthropometry and results from variation within
and between individuals in technique of measurement, problems with
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instruments (e.g., calibration or random variation in manufacture) and errors
in recording (e.g., transposition of numbers).

 

 

 

Random error is non-directional
— it is above or below the true dimension.

 

 

 

In large-scale surveys, random
errors tend to cancel each other and ordinarily are not a major concern.
Systematic error, on the other hand, results from the tendency of a technician
or a measuring instrument (e.g., an improperly calibrated skinfold caliper
or weighing scale) to consistently under- or over-measure a particular dimen-
sion.

 

 

 

Such error is directional and introduces bias into the data.
Replicate measurements of the same subject are used to estimate variability

or error in measurement.

 

 

 

Replicate measurements on the same individual
are taken independently by the same technician after a period of time has
lapsed, or are taken independently on the same individual by two different
technicians.

 

 

 

They provide an estimate of imprecision.

 

 

 

Replicates by the same
individual provide an estimate of within-technician measurement variability,
whereas corresponding measurements taken on the same subject by two
different individuals provide an estimate of between-technician measure-
ment variability.

The technical error of measurement is a widely used measure of replica-
bility.

 

43 

 

It is defined as the square root of the squared differences of replicates
divided by twice the number of pairs (i.e., the within-subject variance):

 

σ

 

e

 

= √Σd2/2N

The statistic assumes that the distribution of replicate differences is normal
and that errors of all pairs can be pooled. It indicates that, about two thirds
of the time, the measurement in question should fall within the technical
error measurement.

Technical errors are reported in the units of the specific measurement.
Within technician (intra-observer) and between technician (inter-observer)
technical errors of measurement for a variety of anthropometric dimensions
in national surveys and several more local studies are summarized in
Malina.42

Accuracy is another component of the measurement process. It refers to
how closely measurements taken by one or several technicians approximate
the “true” measurement. Accuracy is ordinarily assessed by comparing mea-
surements taken by the technician(s) with those obtained by a well trained
or “criterion” anthropometrist (i.e., the standard of reference). However, even
well trained expert anthropometrists do in fact make errors!

G. Ratios and Indices

In addition to providing specific information in their own right, measure-
ments can be related to each other as indices or ratios to express proportional
relationships. Ratios are influenced by the relationship between the two
dimensions and it is assumed that the two dimensions change in a linear
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manner. Ratios may yield spurious results when they are based on different
types of dimensions, such as weight and stature, or arm circumference and
stature or when the standard deviations of the dimensions differ consider-
ably.44 Body dimensions may also be expressed in the form of an index in
which one of the measurements is expressed as a power function. Ratios and
indices provide information on proportional relationships between the
dimensions and thus on body proportions.

The body mass index (BMI) expresses the relationship between weight and
stature: BMI = weight/stature2 where weight is in kilograms (kg) and stature
is in meters (m) squared (kg/m2). It relates reasonably well to total body
fatness in the general adult population, but also to the lean tissue mass of
the body. The BMI is widely used at present in surveys to screen for over-
weight and obesity. Its usefulness stems from the fact that it is independent
of stature, i.e., the correlation between the BMI and stature approaches zero.
The utility of the BMI with athletes is questionable; it is more appropriately
an index of heaviness and not fatness.

The sitting height:stature ratio provides an estimate of relative trunk length
and, conversely, relative leg length. It is calculated as:

The relationship of dimensions of the shoulders and hips is of interest in
comparisons of sexual dimorphism. The degree of masculinity in the female
physique, or the degree of femininity in the male physique, can be estimated
with the androgyny index suggested by Tanner:45

Androgyny index = (3 × biacromial breadth) – bicristal breadth.

H. Corrected Limb Circumferences

Adjusting arm and calf circumferences for the thicknesses of skinfolds pro-
vides an estimate of limb musculature. Assuming the limb is a cylinder, the
circumference is corrected for the outer perimeter of subcutaneous adipose
tissue. The corrected circumference provides an estimate of lean tissue (mus-
cle plus bone). Because muscle is the dominant tissue, the resulting estimates
are generally referred to as estimated mid-arm muscle and calf muscle cir-
cumferences or areas.

Relaxed arm circumference is corrected for the thicknesses of the triceps
and biceps skinfolds and calf circumference is corrected for the thicknesses
of the medial and lateral calf skinfolds. Using skinfolds on the anterior and
posterior aspects of the arm and the medial and lateral aspects of the calf
provides a better estimate of relative muscularity because subcutaneous
adipose tissue is unevenly distributed on the extremities. It should be noted
that, in surveys of nutritional status, arm circumference is ordinarily cor-
rected only for the thickness of the triceps skinfold.

sitting height
height

----------------------------------- 100.×
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Calculations for correcting arm and calf circumferences are as follows:42

1. Estimated mid-arm muscle circumference (cm) = Ca – π/2 (St + Sb)
2. Estimated mid-arm muscle area (cm2) = 1/4π [Ca – π/2 (St + Sb)],

where Ca is relaxed arm circumference (cm) and St and Sb are the
triceps and biceps skinfolds (cm), respectively.

3. Estimated calf muscle circumference (cm) = Ca – π/2 (Sm + Sl)
4. Estimated calf muscle area (cm2) = 1/4π [Ca – π/2 (Sm + Sl)], where

Ca is calf circumference (cm) and Sm and Sl are the medial and
lateral calf skinfolds (cm), respectively.

I. Heath-Carter Anthropometric Somatotype

The Heath-Carter method for estimating somatotype combines both pho-
toscopic and anthropometric procedures.29 In practice, however, the Heath-
Carter method is used primarily in its anthropometric form. Anthropom-
etry is more objective and obtaining standardized somatotype photographs
is difficult and costly. Somatotype components and the dimensions used
in the Heath-Carter anthropometric protocol to derive each component are
as follows:

• Endomorphy — described as relative fatness or leanness, is derived
from the sum of three skinfolds — the triceps, subscapular and
supraspinale. It has a continuum from lowest (relative leanness) to
highest (relative fatness) values.

• Mesomorphy — refers to relative musculoskeletal development
adjusted for stature. It is described as expressing fat-free mass rel-
ative to stature. Mesomorphy is derived from biepicondylar and
bicondylar breadths, flexed arm circumference (in contrast to
relaxed arm circumference) corrected for the thickness of the triceps
skinfold and calf circumference corrected for the thickness of the
medial calf skinfold. Correcting the circumferences is simply a mat-
ter of subtracting the skinfold thickness from the circumference.
The four measurements of the upper and lower extremities are then
adjusted for stature.

• Ectomorphy — the relative linearity of build. It is based on the
reciprocal ponderal index (height divided by the cube root of body
weight).

Although the components are described separately, the three together are
components of a single entity, the individual’s somatotype. Each component
contributes variably to a somatotype. Hence, it is relative fatness, relative
musculoskeletal development, or relative linearity in reference to the phy-
sique as a whole, which is a composite of the three components.
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The algorithms for estimating a somatotype with the Heath-Carter anthro-
pometric protocol are as follows:29

• Endomorphy = –0.7182 + 0.1451(X) – 0.00068(X2) + 0.0000014(X3),
where X is the sum of the triceps, subscapular and supraspinale
skinfolds; to adjust for stature, X is multiplied by 170.18/height (cm);

• Mesomorphy = (0.858 biepicondylar + 0.601 bicondylar + 0.188
corrected arm circumference + 0.161 corrected calf circumference)
– (stature x 0.131) + 4.50, where corrected arm and calf circumfer-
ences are the respective limb circumferences minus the triceps and
medial calf skinfolds, respectively;

• Ectomorphy = HWR × 0.732 – 28.58, where HWR = stature/3√ weight.
If HWR < 40.75 but > 38.25, ectomorphy = HWR × 0.463 – 17.63. If
HWR < 38.25, a rating of 0.1 is assigned.

If the calculation for any component is zero or negative, a value of 0.1 is
assigned, because by definition a rating cannot be zero or negative.

The principles of quality control in anthropometry described in the pre-
ceding chapter also apply to the estimate of somatotype. Intra- and interob-
server measurement variability can influence the reproducibility of
somatotype components in the Heath-Carter anthropometric protocol. Errors
are less than 0.5 somatotype units when the body dimensions are measured
by experienced technicians.46

IV. Anthropometric Characteristics of Female Athletes

Consideration of the anthropometric characteristics of female athletes is
important for several reasons. First, data for recent samples of female athletes
in a variety of sports are relatively limited. Second, there has been a major
change in the population of female athletes since Title IX legislation in the
United States and wider social acceptance of women in the role of athlete.
It is of interest, therefore, to compare the characteristics of female athletes
over time. Third, anthropometry provides a relatively simple means of
monitoring soft tissue and body composition changes associated with train-
ing and competition. This assumes, of course, that the data are collected by
experienced anthropometrists with due attention to quality control. And
fourth, many of the women athletes were followed during the course of a
season or several seasons. This permits examination of the use of anthro-
pometry to monitor changes in soft tissues and body composition during
the season and variation with year in school.

Selected anthropometric characteristics of female athletes in seven sports
are subsequently described. Anthropometric dimensions of 387 intercolle-
giate women athletes at the University of Texas at Austin, 295 whites
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(European American ancestry and including several of Hispanic American
ancestry) and 92 blacks (African-American ancestry), were measured from
fall 1985 through fall 1995. They represented all of the athletes participating
in the respective sports, which included swimming, diving, tennis, golf,
basketball, volleyball and track and field. Sample sizes by sport and by race
and position or event within three sports are indicated later. Over the interval
of the survey, the teams in each of the sports were nationally competitive
and were quite successful at the national intercollegiate level, including 19
national championships. The sample included several Olympians, world
record holders, national champions and All-Americans. Most of the sample
was on scholarship support for their athletic abilities (at the time of the
surveys, the Department of Intercollegiate Athletics for Women at the Uni-
versity of Texas served the needs of about 100 scholarship athletes per year).47

Hence, the athletes as a group can be regarded as reasonably elite.
In addition to weight, height and sitting height, four skeletal breadths

(biacromial, bicristal, biepicondylar, bicondylar), three limb circumferences
(arm relaxed, arm flexed, calf) and nine skinfolds (triceps, biceps, forearm,
subscapular, suprailiac, supraspinale, anterior thigh, medial calf, lateral calf)
were measured on all athletes. All measurements were made by the same
individual (RMM). The sitting height:height ratio and the androgyny index
were calculated. Relaxed arm and calf circumferences were corrected for the
triceps and biceps and medial and lateral calf skinfolds, respectively, to
estimate limb muscularity. The sum of eight skinfolds (excluding supraspi-
nale) was used as an indicator of overall subcutaneous adipose tissue. Per-
centage body fat was estimated from four skinfolds (triceps, subscapular,
suprailiac, medial calf) using an equation developed for female swimmers.48

Finally, somatotypes were estimated with the Heath-Carter anthropometric
protocol.29

A sample of 123 students enrolled at the same university as the athletes
was also measured in 1987.49 The battery included weight, height, sitting
height, four skeletal breadths, three limb circumferences and four skinfolds
(triceps, subscapular, supraspinale, medial calf). The sitting height:height
ratio androgyny index and Heath-Carter somatotypes were calculated for
the nonathletes.

A. Athletes, Nonathletes and Variation among Sports

Means and standard deviations for age and the selected anthropometric
characteristics of the athletes in seven sports and the nonathletes are indi-
cated in Table 7.1. With the exception of divers, who are similar to the
nonathletes, athletes in the other sports are, on average, taller and heavier
than nonathletes. Swimmers, basketball players and volleyball players have
better developed arm musculature than athletes in the other sports. On the
other hand, basketball and volleyball players and track-and-field athletes
have better developed calf musculature than athletes in the other sports. The
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trends in estimated limb muscle circumferences probably reflects sport-
specific body size variation and the specific demands of the respective
sports.

Swimmers, tennis players, golfers and nonathletes are similar in the
proportions of trunk length to height, or conversely, relative leg length,
whereas divers have, on average, relatively shorter lower extremities
(higher sitting height:height ratio). Ratios for basketball players, volley-
ball players and track-and-field athletes are, on average, lower, indicating
proportionally longer legs. This reflects, to some extent, the racial com-
position of the sample. Black athletes are represented in these three sports,
and blacks have, on average, lower sitting height:height ratios, i.e., rela-
tively longer lower extremities. Shoulder–hip relationships indicate
higher androgyny indices in the athletes in all sports than in the nonath-
letes. Swimmers, volleyball players and basketball players are most
androgynous in build, followed by track-and-field athletes as a group,
divers, tennis players and golfers.

Among athletes, golfers have, on average, the largest sum of eight
skinfolds and estimated relative fatness, whereas track-and-field athletes
have the lowest sum and estimated relative fatness. Standard deviations
are reasonably large, indicating overlap among athletes in the seven
sports.

Golfers are slightly more mesomorphic and less endomorphic than non-
athletes. Athletes in other sports tend to be less endomorphic and more
mesomorphic than the nonathletes, but only slightly more ectomorphic.

The heights and weights (mean ± one standard deviation) for the ath-
letes in each sport are plotted relative to the new Centers for Disease
Control and Prevention50 reference values for the American population
in Figure 7.1. The reference values are for females 19.5 years of age. Mean
heights and weights of divers are similar to the reference median. Mean
heights of tennis players, golfers and track-and-field athletes as a group
approximate the 75th percentile, while their mean weights are slightly
above the medians. Mean height of swimmers exceeds the 90th percentile
and mean weight is slightly below the 75th percentile. Mean heights of
basketball players and volleyball players exceed the 97th percentile and
are between the 75th and 90th percentiles for body weight. Thus, the
athletes as a group tend to carry less weight for height than young adult
American women, with the exception of divers. The position of the
heights and weights of child and adolescent female athletes in these
sports compared to United States reference values is similar to that of
adult athletes.51,52 The same is true for other characteristics of young
athletes. In other words, the size, proportions, body composition and
somatotype characteristics of elite young athletes are generally consistent
with those reported in adult athletes participating in the same sport or
position or event within a sport.29,31,51,53 This emphasizes an important
role for constitutional factors in the selection or exclusion process for
sport.
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FIGURE 7.1
Heights (top) and weights (bottom) of athletes in seven sports (means±standard deviations)
compared with reference data for young adult American women 19.5 years of age. Reference
values are from the new Centers for Disease Control and Prevention growth charts.50
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B. Variation within Specific Sports

Athletes in some sports show variation in anthropometric characteristics
associated with specific events or positions within a sport. This variation
probably reflects the performance demands of the specific events or posi-
tions. This is readily evident by stroke among swimmers, by event in track-
and-field athletes and by position among volleyball and basketball players.
An additional potential source of variation is the ethnic or racial distribution
of athletes in some sports, specifically basketball and track and field.

1. Swimming

Characteristics of swimmers by stroke are summarized in Table 7.2. All
swimmers in the sample were white. Allowing for small sample sizes in the
butterfly and individual medley, freestyle and backstroke swimmers tend to
be slightly taller and heavier than specialists in the breaststroke, butterfly
and individual medley. Estimated arm and calf muscle circumferences do
not differ among swimmers specializing in different strokes, except for some-
what smaller estimated values in the small sample of medley swimmers.
Swimmers specializing in different strokes are, on average, generally similar
in the sitting height:height ratio, the androgyny index, subcutaneous adipose
tissue and relative fatness and somatotype.

Mean heights and weights (± one standard deviation) of swimmers by
stroke are compared with United States reference values in Figure 7.2. Free-
style and backstroke swimmers approximate the 90th percentile for height
and the 75th percentile for weight. Heights of breaststroke, butterfly and

TABLE 7.2

Age and Selected Anthropometric Characteristics of Female Swimmers by Stroke

Freestyle 
(n = 37)

Backstroke 
(n = 18)

Breaststroke 
(n = 17)

Butterfly 
(n = 9)

Medley 
(n = 6)

Variable Mean SD Mean SD Mean SD Mean SD Mean SD

Age, yrs 18.8 0.8 18.9 1.0 18.7 0.7 19.1 1.0 18.9 1.4
Height, cm 173.4 6.0 172.7 4.2 169.4 4.8 169.8 6.7 169.3 6.2
Weight, kg 63.5 5.4 64.5 5.3 61.5 5.2 62.2 4.4 60.5 3.0
Sit Ht/Ht, % 52.7 0.9 52.6 1.0 52.5 1.3 53.2 0.8 52.7 0.8
Biacromial, cm 39.7 1.4 39.8 1.5 39.3 1.5 38.5 1.4 39.3 1.6
Bicristal, cm 28.4 1.3 28.3 1.2 28.0 1.4 28.0 1.2 26.8 1.4
Androgyny Index 90.8 3.7 91.0 4.0 89.9 4.1 87.4 3.3 91.0 5.8
Arm Muscle, cm 25.2 1.6 25.1 1.1 25.0 1.6 25.5 1.9 24.3 0.3
Calf Muscle, cm 30.4 1.4 30.7 1.4 30.4 1.5 30.6 1.5 29.9 1.6
Sum 8 Skf, mm 88.8 15.1 93.9 20.5 88.1 14.1 91.4 20.0 105.9 9.3
Fat, % 16.3 1.6 16.8 1.9 16.4 1.3 16.4 1.9 17.5 0.8
Endomorphy 2.9 0.7 3.2 0.7 3.1 0.5 3.0 0.8 3.4 0.3
Mesomorphy 3.7 0.6 3.8 0.6 3.9 0.5 4.0 1.0 3.9 0.6
Ectomorphy 3.2 0.8 3.0 0.5 2.9 0.6 2.8 1.0 3.0 0.7
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FIGURE 7.2
Heights (top) and weights (bottom) of swimmers by stroke (means ± standard deviations)
compared with reference data for young adult American women 19.5 years of age. Reference
values are from the new Centers for Disease Control and Prevention growth charts.50
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individual medley specialists fall between the 75th and 90th percentiles,
whereas weights fall between the median and 75th percentiles.

2. Basketball

The total sample of basketball players (n = 57) included 30 whites and 27
blacks. The players were classified into three positions: guards, wings or
forwards and post players or centers. Sample sizes by race within position
are thus small. Nevertheless, characteristics of basketball players by position
and race are summarized in Table 7.3. As expected, there is variation in
anthropometric characteristics by position. Height and weight increase, on
average, from guards to wings to post players. Within each position, black
basketball players have proportionally longer lower extremities (lower sit-
ting height:height ratio). Black and white players at the wing position are
most similar in body size, estimated muscle circumferences, the androgyny
index, fatness and somatotype. There is some ethnic variation among players
at the other two positions. Among guards, blacks are somewhat taller, more
androgynous and less endomorphic and have less fatness. Among post play-
ers, whites are taller and more ectomorphic, whereas blacks are more androg-
ynous and mesomorphic.

Relative to reference data for young adult American women, guards have
heights that fall, on average, between the median and 75th percentile and
weights that approximate the 75th percentile (Figure 7.3). Mean heights of
wings are at the 95th percentile, but weights are between the 75th and 90th
percentiles. Mean heights of post players exceed the 97th percentile, but
mean weights are between the 90th and 95th percentiles.

3. Volleyball

The number of black volleyball players is small (n = 9), so that ethnic
comparisons by position are not possible. The black players are represented
among three of the four positions. Anthropometric characteristics by position
are summarized in Table 7.4. Middle blockers are, on average, tallest and
heaviest, followed in order by outside hitters, setters and back row special-
ists. Although middle blockers are taller and heavier, estimated arm muscle
does not differ from setters and back row specialists. Outside hitters have,
on average, the largest estimated arm muscle circumference. There is little
difference in calf muscle among volleyball players by position, except for
somewhat smaller estimates in setters. The androgyny index and fatness
show the same trend. Proportional differences in the legs and trunk are small.
Outside hitters and back row specialists are most mesomorphic, whereas
middle blockers and setters have balanced somatotypes.

Relative to reference values for young adult American women, outside
hitters and middle blockers have heights that exceed the 97th percentile and
weights that are just below the 90th percentile (Figure 7.4). Setters and back
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FIGURE 7.3
Heights (top) and weights (bottom) of basketball players by race (Wh = White, Bl = Black)
within position (means ± standard deviations) compared with reference data for young adult
American women 19.5 years of age. Reference values are from the new Centers for Disease
Control and Prevention growth charts.50
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row specialists have heights that approximate the 95th and 90th percentiles,
respectively and weights that approximate the 75th percentile for nonathletic
women.

4. Track and Field

Although many track-and-field athletes participated in more than one event,
their primary event was used for classification. Sprints include 100 and 200
meters (100 and 220 yards) and hurdlers at these distances. Middle distance
runs include 800 and 1500 meters (half mile and mile). Some sprinters and
middle distance runners also ran in the 400 meters (440 yards). Distance runs
include cross-country and 3,000, 5,000 and 10,000 meters. Cross-country is a
fall sport, whereas other distance runs are included in the indoor and out-
door seasons. Almost all athletes in field events participated in more than
one event. They were simply classified as jumpers (long jump, high jump,
heptathletes) and throwers (discus, shotput, javelin). There are five white
sprinters and only one black distance runner.

Anthropometric characteristics of track-and-field athletes by event and
race are summarized in Table 7.5 (running events) and Table7. 6 (field events).
Middle-distance and distance runners do not differ in height and weight;
sprinters are slightly taller and heavier. Among runners, sprinters have the
best developed arm musculature and, to a lesser extent, calf musculature.
Ethnic variation in height among runners is negligible. Among sprinters and
middle distance runners, black athletes have proportionally longer legs, are
somewhat more androgynous and have less fatness. Somatotypes of black
and white middle-distance runners do not differ, while distance runners are

TABLE 7.4

Age and Selected Anthropometric Characteristics of Female Volleyball Players by 
Position

Outsider Hitter 
(n = 24)

Middle Blocker 
(n = 12)

Setter 
(n = 6)

Back Row 
(n = 5)

Variable Mean SD Mean SD Mean SD Mean SD

Age, yrs 19.2 1.0 18.7 0.7 19.2 0.8 19.2 0.5
Height, cm 178.5 5.3 181.8 2.0 173.7 5.0 170.8 3.5
Weight, kg 71.1 8.2 73.3 4.0 66.1 7.6 64.0 5.5
Sit Ht/Ht, % 51.5 1.3 51.2 1.2 52.3 0.8 52.3 1.1
Biacromial, cm 39.5 1.5 40.0 1.3 38.9 1.4 37.8 1.4
Bicristal, cm 28.2 1.5 29.2 1.6 27.7 1.0 26.7 1.7
Androgyny Index 90.1 4.1 90.7 3.7 89.0 3.7 86.6 4.1
Arm Muscle, cm 24.8 1.2 24.0 0.9 23.9 2.0 24.0 1.9
Calf Muscle, cm 32.8 1.9 32.3 1.2 31.7 2.9 32.5 2.6
Sum 8 Skf, mm 90.5 26.4 99.6 22.2 91.4 13.0 75.1 13.3
Fat, % 16.9 3.0 17.8 2.6 17.0 1.9 14.9 1.3
Endomorphy 3.1 1.0 3.3 0.9 3.2 0.5 2.4 0.5
Mesomorphy 3.5 1.0 3.1 0.8 3.4 1.5 3.6 1.0
Ectomorphy 3.0 0.9 3.2 0.7 2.9 1.4 2.7 0.9
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FIGURE 7.4
Heights (top) and weights (bottom) of volleyball players by position (means ± standard devi-
ations) compared with reference data for young adult American women 19.5 years of age.
Reference values are from the new Centers for Disease Control and Prevention growth charts.50 

1 5 0

1 6 0

1 7 0

1 8 0

1 9 0

c m

O
u

ts
id

e
 H

it
te

r

M
id

d
le

 B
lo

c
k

e
r

S
e

tt
e

r

B
a

c
k

 R
o

w

R
e

fe
re

n
c

e

V o l l e y b a l l  -  H e i g h t

P  9 7
P  9 5
P  9 0

P  7 5

Median

P  2 5

4 0

5 0

6 0

7 0

8 0

9 0

kg

O
u

ts
id

e
 H

it
te

r 

M
id

d
le

 B
lo

c
k

e
r 

S
e

tt
e

r 

B
a

c
k

 R
o

w
 

R
e

fe
re

n
c

e
 

V o l l e y b a l l  -  W e i g h t P  9 7

P  9 5

P  9 0

P  7 5

Median

P  2 5

0927_C07_frame  Page 156  Thursday, March 21, 2002  1:39 PM



Anthropometry of Adult Athletes: Concepts, Methods and Applications 157

TABLE 7.5

Age and Selected Anthropometric Characteristics of Female Track and Field Athletes 
by Running Event and Race

Sprint Middle Distance Distance
White 
(n = 5)

Black 
(n = 38)

White 
(n = 6)

Black 
(n = 5)

White 
(n = 29)

Mean SD Mean SD Mean SD Mean SD Mean SD

Age, yrs 21.1 1.4 19.3 1.4 18.9 0.6 18.6 0.8 19.3 1.2
Height, cm 168.1 3.5 166.0 4.9 165.1 4.0 164.7 7.2 164.7 4.7
Weight, kg 57.3 4.1 59.2 6.1 53.0 2.6 54.7 8.2 52.2 3.8
Sit Ht/Ht, % 52.3 1.7 51.3 0.9 51.8 1.2 50.8 0.9 52.6 1.1
Biacromial, cm 37.1 1.4 37.9 1.7 37.2 1.1 37.3 1.3 36.5 1.2
Bicristal, cm 26.9 1.4 26.0 1.4 26.6 1.1 26.2 1.4 26.8 1.3
Androgyny Index 84.3 5.0 87.8 4.5 84.9 3.1 85.6 4.1 82.7 3.2
Arm Muscle, cm 23.5 1.3 23.4 1.7 21.5 1.1 21.5 1.1 20.7 1.1
Calf Muscle, cm 31.9 1.1 31.9 1.9 30.6 1.8 31.6 1.8 30.4 1.4
Sum 8 Skf, mm 64.6 8.3 61.6 11.0 62.4 17.2 57.8 5.0 66.6 16.2
Fat, % 14.1 0.3 14.1 1.4 13.8 1.6 13.6 0.7 14.2 1.6
Endomorphy 2.4 0.2 2.4 0.5 2.3 0.9 2.2 0.2 2.4 0.7
Mesomorphy 3.3 0.2 3.8 0.7 3.3 0.4 3.2 0.9 2.8 0.8
Ectomorphy 3.3 0.2 2.6 0.6 3.6 0.5 3.3 1.6 3.7 1.0

TABLE 7.6

Age and Selected Anthropometric Characteristics of Female Track and Field 
Athletes by Field Event and Race

Jumps Throws
White 
(n = 9)

Black 
(n = 7)

White 
(n = 11)

Black 
(n = 5)

Mean SD Mean SD Mean SD Mean SD

Age, yrs 19.3 0.9 20.0 1.3 19.5 1.1 18.7 0.5
Height, cm 172.4 4.1 167.0 4.9 170.8 6.7 174.2 2.2
Weight, kg 60.9 5.7 60.9 5.6 77.1 9.8 94.0 24.5
Sit Ht/Ht, % 52.1 1.4 50.3 1.4 53.3 1.1 51.6 1.2
Biacromial, cm 39.0 1.2 37.6 1.7 39.5 1.4 42.2 2.5
Bicristal, cm 27.4 1.2 26.1 1.2 29.3 1.7 30.3 2.8
Androgyny Index 89.6 3.9 86.7 4.4 89.1 3.7 96.4 5.4
Arm Muscle, cm 23.6 1.6 23.0 1.7 26.6 1.4 29.1 3.2
Calf Muscle, cm 31.8 2.4 32.7 2.1 32.8 2.2 36.4 3.4
Sum 8 Skf, mm 73.0 14.1 65.4 11.3 138.6 34.8 141.3 53.6
Fat, % 15.1 1.8 14.6 1.4 22.4 4.1 23.9 7.8
Endomorphy 2.4 0.7 2.7 0.7 4.8 1.4 5.4 2.2
Mesomorphy 3.2 0.9 3.8 0.6 5.5 1.3 7.1 2.4
Ectomorphy 3.5 1.1 2.5 0.6 1.1 0.8 0.8 1.0
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somewhat less mesomorphic and more ectomorphic than middle-distance
runners. Among sprinters, blacks are more mesomorphic and less ectomor-
phic.

Comparisons of field athletes must be tempered by the small sample sizes
(Table 7.6). Black throwers are tallest, followed by white jumpers, white
throwers and black jumpers. Estimated arm muscle is larger in throwers than
in jumpers, but estimated calf muscle does not differ except for larger mean
in the small sample of black throwers, which reflects their larger body size.
The same trend is apparent for the androgyny index. Black and white jump-
ers do not differ in body weight, but black jumpers have less fatness. Black
throwers are heavier than white throwers, but differences in fatness between
black and white throwers are negligible. Black jumpers are more mesomor-
phic and white jumpers are somewhat more ectomorphic. Black throwers
are more mesomorphic and endomorphic than white throwers.

Mean heights and weights (± one standard deviation) of track-and-field
athletes by event and race are compared to United States reference values
in Figure 7.5. Sprinters, middle-distance runners, distance runners and black
jumpers have heights that fall, on average, between the median and 75th
percentile of the reference. White jumpers and throwers have heights at the
90th percentile, while black throwers have a mean height at the 95th percen-
tile. In contrast, body weights of track-and-field athletes are more variable.
Middle-distance and distance runners have mean weights that fall between
the median and 25th percentile. Sprinters have mean weights that approxi-
mate the median, while jumpers have mean weights slightly above the
median. White and black throwers, as expected, have mean weights above
the 90th and 97th percentiles, respectively. The wide range of variation in
the small sample of black throwers should be noted.

V. Secular Comparisons of Athletes

Data for two comparative samples of female athletes are considered in sec-
ular comparisons. The first includes 67 athletes (66 white, 1 black) who were
participants in the First National Intercollegiate Track and Field Champion-
ships in San Marcos, Texas, in 1969.54,55 The athletes represented seven col-
leges and universities in the southern part of the United States and about
two-thirds of the athletes at the competition. At the time of the competition,
the 880-yard and 1-mile runs (800 and 1500 meters, respectively) were clas-
sified as “distance” runs. At present, they are classified as middle distance.

The second sample includes 108 intercollegiate athletes at the University
of Texas at Austin who were measured in 1973–1974 and 1978–1979. This
sample included athletes in swimming, diving, tennis, basketball, volleyball
and track and field. The track and field sample included seven black athletes.
With the exception of six cross-country (distance) runners and one thrower,
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FIGURE 7.5
Heights (top) and weights (bottom) of track and field athletes by race (Wh = White, Bl = Black)
within event (means ± standard deviations) compared with reference data for young adult
American women 19.5 years of age. Reference values are from the new Centers for Disease
Control and Prevention growth charts.50
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the events of the other track-and-field athletes were not specified. Some of
the data have been published previously.56,57

The athletes at the 1969 championships and at the University of Texas from
1986 through 1995 were measured by the same individual (RMM). The sam-
ple of athletes in the 1970s was measured by two individuals. Intra- and
interobserver technical errors of measurement for the common core of
dimensions (weight, height, sitting height, skeletal breadths, limb circum-
ferences and four skinfolds) derived from several independent studies are
generally smaller than estimates in the United States Health Examination
Survey.42,43

The athletes studied in 1969 and the 1970s represent the pre-Title IX era.
Although some athletes were measured in 1978 and 1979, the impact of
Title IX legislation was just starting. Thus, the data summarized in Tables
7.7 through 7.9 can be viewed as comparisons of pre- and post-Title IX
athletes. The more recent sample of university athletes (1986–1995) is dif-
ferent from those of earlier studies in terms of opportunity, selection and
recruitment, scholarship support and greater social acceptability of females
in the role of athlete. Note there has been, on average, no significant secular
increase in the heights of adolescents and young adults in the United States
since the 1960s.50

TABLE 7.7

Age and Selected Anthropometric Characteristics 
of Female Athletes in Three Sports at the Same 
University*

Sport/Variable Mean SD Mean SD

Swimming 1970s (n = 24) 1990 (n = 87)
Age, yrs 19.3 1.2 18.8 0.9
Height, cm 170.3 4.5 171.8 5.7
Weight, kg 57.8 4.8 63.0 5.1
Sit Ht/Ht, % 52.2 1.3 52.7 1.0
Androgyny Index 85.8 3.8 90.3 4.0

Diving 1970s (n = 6) 1990 (n = 19)
Age, yrs 20.2 1.0 19.5 1.6
Height, cm 162.5 3.9 163.4 5.3
Weight, kg 55.3 3.8 57.8 6.5

Tennis 1970s (n = 10) 1990 (n = 29)
Age, yrs 19.5 1.5 19.0 0.9
Height, cm 168.1 5.4 167.9 5.7
Weight, kg 62.4 8.5 60.2 6.8
Sit Ht/Ht, % 52.4 1.0 52.8 1.1
Androgyny Index 80.2 2.2 83.1 4.9

* Measured between 1973 and 1978 (mid-1970s) and be-
tween 1986 and 1995 (1990). All athletes were white.
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The more recent sample of swimmers is only slightly taller (1.5 cm) but
considerably heavier (5.2 kg) and has a higher androgyny index than the
sample from the mid-1970s. In contrast, the two samples of tennis players do
not differ in body size and relative sitting height, but the more recent sample
is somewhat more androgynous. The six divers in the mid-1970s do not differ
in mean height and weight from the more recent sample (Table 7.7). Biacromial
and bicristal breadths are not available for the earlier sample of divers. Diving
and tennis have a tradition of social acceptability for women, whereas many
elite young swimmers in the 1960s often “retired” in their teens due to the
lack of opportunities at the collegiate level. Hence, small differences in body
size over time might be expected in divers and tennis players.

Athletes in the two team sports in the post-Title IX sample are taller and
heavier and have especially higher androgyny indices than athletes in the
corresponding sports in the mid-1970s (Table 7.8). Relative sitting height
differs only slightly, but suggests that the more recent samples have propor-
tionally longer lower extremities.

Comparisons of track-and-field athletes are summarized in Table 7.9. Dif-
ferences in body size and proportions over time vary by event and are
confounded in part by ethnic variation. Except for the greater height of the
small sample of distance runners in 1978, current samples of white athletes
in the other events tend to be, on average, taller, but body weights do not
appreciably differ. Sitting height:height ratios in the current samples of white
sprinters, middle-distance runners and jumpers suggest proportionally
longer lower extremities. In contrast, the two samples of throwers do not
differ in relative sitting height and the earlier sample of distance runners
has proportionally longer lower extremities than the current sample. The
androgyny index is larger in the current sample of track-and-field athletes

TABLE 7.8

Age and Selected Anthropometric Characteristics of Female 
Basketball and Volleyball Players at the Same University*

Sport/Variable Mean SD Mean SD Mean SD

Basketball 1970s (n = 18) 1990 (n = 30, Wh) 1990 (n = 27, Bl)
Age, yrs 19.9 0.9 19.5 1.1 19.7 1.4
Height, cm 172.2 7.6 176.8 11.2 176.6 6.7
Weight, kg 64.2 9.1 69.3 9.3 70.7 8.3
Sit Ht/Ht, % 52.3 1.3 52.0 1.1 50.7 1.0
Androgyny Index 80.4 4.7 88.5 5.2 91.3 3.7

Volleyball 1970s (n = 29) 1990 (n = 38, Wh) 1990 (n = 9, Bl)
Age, yrs 19.9 1.2 19.1 0.9 18.9 0.6
Height, cm 168.9 8.5 178.2 5.9 176.8 4.2
Weight, kg 61.8 5.6 69.7 7.1 72.9 8.8
Sit Ht/Ht, % 52.2 1.4 51.9 1.1 50.5 1.4
Androgyny Index 83.2 3.9 89.4 4.1 91.2 3.5

* Measured between 1973 and 1979 (mid-1970s) and between 1986 and 1995
(1990). All players in the mid-1970s were white.
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TABLE 7.9

Age and Selected Anthropometric Characteristics of Intercollegiate 
Female Track-and-Field Athletes*

Event/Variable Mean SD Mean SD Mean SD

Sprint 1969 (n = 24) 1990 (n = 5, Wh) 1990 (n = 43, Bl)
Age, yrs 20.1 1.3 21.1 1.4 19.3 1.4
Height, cm 165.0 4.1 168.1 3.5 166.0 4.9
Weight, kg 56.7 5.5 57.3 4.1 59.2 6.1
Sit Ht/Ht, % 53.2 1.0 52.3 1.7 51.3 0.9
Androgyny Index 82.0 4.2 84.3 5.0 87.8 4.5

Middle Distance 1969 (n = 12) 1990 (n = 6, Wh) 1990 (n = 5, Bl)
Age, yrs 20.9 3.5 18.9 0.6 18.6 0.8
Height, cm 161.7 4.4 165.1 4.0 164.7 7.2
Weight, kg 52.5 4.7 53.0 2.6 54.7 8.2
Sit Ht/Ht, % 52.8 1.2 51.8 1.2 50.8 0.9
Androgyny Index 80.0 3.4 84.9 3.1 85.6 4.1

Distance 1978 (n = 6, Wh) 1990 (n = 29, Wh)
Age, yrs 18.2 0.8 19.3 1.2
Height, cm 168.3 6.5 164.7 4.7
Weight, kg 52.8 6.2 52.2 3.8
Sit Ht/Ht, % 51.7 0.8 52.6 1.1

Jumps 1969 (n = 12) 1990 (n = 9, Wh) 1990 (n = 7, Bl)
Age, yrs 20.2 1.1 19.3 0.9 20.0 1.3
Height, cm 166.0 4.7 172.4   4.1 167.0 4.9
Weight, kg 58.4 3.4 60.9   5.7 60.9 5.6
Sit Ht/Ht, % 52.5 1.0 52.1 1.4 50.3 1.4
Androgyny Index 85.5 4.4 89.6 3.9 86.7   4.4

Throws 1969 (n = 19) 1990 (n = 11, Wh) 1990 (n = 5, Bl)
Age, yrs 21.3 1.4 19.5 1.1 18.7 0.5
Height, cm 168.1 5.3 170.8 6.7 174.2 2.2
Weight, kg 74.0 11.3 77.1 9.8 94.0 24.5
Sit Ht/Ht, % 53.3 0.9 53.3 1.1 51.6 1.2
Androgyny Index 87.6 3.2 89.1 3.7 96.4 5.4

Total Samples 1969 (n = 67) 1978 (n = 14, Wh) 1978 (n = 7, Bl)
Age, yrs 20.7 1.9 19.1 1.2 19.6 0.9
Height, cm 165.5 5.0 171.5 6.7 166.2 4.0
Weight, kg 61.2 11.0 60.1 10.4 53.0 3.7
Sit Ht/Ht, % 53.0 1.0 51.9 1.0 50.8 0.9
Androgyny Index 83.7 4.6

Total Samples 1990 (n = 60, Wh) 1990 (n = 56, Bl)
Age, yrs 19.4 1.2 19.3 1.3
Height, cm 167.3 5.7 166.7 5.4
Weight, kg 58.6 10.8 61.9 13.5
Sit Ht/Ht, % 52.6 1.3 51.1 1.1
Androgyny Index 85.3 4.6 88.1 5.2

* Measured in 1969 and 1978 and between 1986 and 1995 (1990). The 1969 sample
included only one black athlete (see text for details).
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in each event than in athletes measured in 1969 (measurements needed to
derive the index are not available for the 1978 sample).

With the exceptions of tennis players and divers, post-Title IX athletes tend
to be taller than pre-Title IX athletes and are especially more androgynous.
The secular change in the androgyny index is apparently real because mean
androgyny scores for nonathlete females in 1969 (80.7 ± 2.7), 1975 (79.3 ± 4.3)
and 1987 (80.9 ± 4.3) do not differ,57 and are similar to those for other samples,
e.g., Oxford University students (78.9 ± 4.6)45 and Edinburgh women 20–24
years of age (81.8 ± 4.0).58 It is thus reasonable to assume that there been no
secular change in the androgyny index of nonathletic women from about
1950 to 1990.

VI. Seasonal Changes

Changes in body composition in response to specific training programs or
during a season are important in studies of athletes. For example, among
university swimmers (several of whom are included in the preceding anthro-
pometric comparisons), body composition was estimated with densitometry
at three points during the season. Decreases in weight (–1.3 ± 1.8 kg), fat
mass (–2.4 ± 1.2 kg) and relative fatness (–3.8 ± 1.9%) and an increase in fat-
free mass (1.1 ± 1.8 kg) occurred during the early part of the season (Octo-
ber–December). Weight training with emphasis on high repetition and low
resistance typically preceded swim training early in the season. The changes
in body composition that occurred during the first part of the season, when
training was more intense, were generally maintained during the second
part as the swimmers tapered for the national championships (December to
March). Changes in weight (0.8 ± 1.2 kg), fat mass (0.8 ± 1.5 kg) and relative
fatness (1.2 ± 2.0 kg) were small and fat-free mass, on average, did not change
(0.0 ± 1.1 kg), although there was considerable variation among individuals.59

The changes in body composition of female swimmers during a swim
season were generally consistent with those observed in college age female
and male athletes and nonathletes and indicated similar responses in males
and females. Much of the comparative literature on changes in body com-
position with training reports only differences between means, so that it is
difficult to evaluate individual variation in changes. Using data reported by
Wilmore,60 differences between pre- and posttraining mean values in nine
studies of males 18-23 years ranged from –0.2 kg to +1.4 kg for fat-free mass
(overall mean of +0.8 kg) and –0.4% to –3.0% for relative fatness (overall
mean of –1.7%). Corresponding differences for 10 studies of females 18–22
years ranged from –1.7 kg to +1.5 kg for fat-free mass (overall mean of +0.3
kg) and –2.1% to +3.1% for relative fatness (overall mean of –0.4%). Note,
however, training protocols varied among studies, as did the quality and
level of training among athletes.
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Given the time commitment required of athletes, it is often not practical
to estimate body composition with commonly used laboratory methods
(densitometry, total body water, DEXA) on a regular basis during the course
of a season. Hence, it may be necessary to monitor changes in body compo-
sition indirectly with anthropometry. Results based on several indirect pro-
cedures for female distance runners and basketball players followed through
the season are summarized subsequently. The procedures include body
weight, the sum of eight skinfolds (triceps, biceps, forearm, subscapular,
suprailiac, anterior mid-thigh, medial calf and lateral calf), relative fatness
predicted from an equation developed on female swimmers,48 estimated
midarm muscle circumference (relaxed arm circumference corrected for the
thicknesses of the triceps and biceps skinfolds) and estimated calf muscle
circumference (calf circumference corrected for the thicknesses of the medial
and lateral calf skinfolds).

A. Distance Runners

Changes (means and standard deviations) in indirect estimates of body
composition of female distance runners during the season are shown in Table
7.10. The runners are grouped by year in school. On average, runners
declined in body weight, subcutaneous fat and relative fatness from the
beginning of the school year through the latter part of the cross-country
season (mid-August–late October). Subsequently, weight and fatness
increased, on average, from the cross-country to the outdoor season (late
October–April) and from the outdoor season to the next school year
(April–August). It appears that freshman distance runners experienced
somewhat greater changes in weight and fatness during their first season of
competition. The change in body weight of freshman runners was accompa-
nied by gains in estimated arm muscle, which was somewhat greater than
those of sophomore and junior distance runners. The gains probably reflected
the effects of more intensive training (compared with the high school level),
weight training and late adolescent growth in muscle mass. Changes in arm
muscle of sophomore and junior runners during the season were, on average,
relatively small. Corresponding changes in estimated calf muscle were less
than those in the arm. Calf musculature appeared to increase, on average,
from the cross-country to the outdoor season and the gains were greater in
the older runners.

The preceding summarizes average changes in the distance runners. There
was, however, considerable variation among individuals. Changes in indi-
vidual athletes during the season are illustrated in Figure 7.6. The athletes
are grouped by year in school and are ordered based on weight change
during the cross-country season (mid-August to late October) in all panels
of the figure. About one half of the runners lost weight during the compet-
itive season with the largest losses approaching 3 kg. Almost all of the
runners lost subcutaneous adipose tissue and showed a reduction in relative
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fatness and 11 showed an increase in estimated calf muscle (top row of Figure
7.6). Changes from the end of the cross-country season (late October) to the
outdoor season (April) are shown in the middle row of Figure 7.6. In contrast
to the cross-country season, 11 runners gained weight and nine gained in
subcutaneous adipose tissue and relative fatness. Changes in estimated calf
muscle were small and nine runners showed a slight decline. From the
outdoor season (April) to the next school year (mid-August), most of the
runners gained in weight and fatness (bottom row of Figure 7.6). Changes
in estimated calf muscle during this interval were small.

B. Basketball Players

Corresponding changes during the season in basketball players are summa-
rized in Table 7.11. As in the description of distance runners, the basketball
players are grouped by year in school. Body weight increased from early in
the school year (September, beginning of systematic conditioning prior to
formal basketball practice) to the middle of the season (February), especially
in the freshmen and sophomores, while the sum of skinfolds and relative
fatness, on average, declined. The decrease in fatness during the first half of

TABLE 7.10

Changes (Means and Standard Deviations) in Body Weight and 
Anthropometric Indicators of Body Composition in Distance Runners 
during the Course of a Season

August-October October-April April-August
Variable Mean SD Mean SD Mean SD

Body Weight, kg
F* -0.5 1.4 1.5 1.3 0.0 0.9
S -0.1 0.8 0.4 0.9 0.4 1.0
J -0.5 1.4 0.7 0.5 0.2 1.3

Sum of 8 Skinfolds, mm
F -4.8 6.4 3.7 6.1 4.9 7.2
S -4.2 3.4 0.8 7.3 6.0 6.1
J -8.1 7.0 2.4 5.7 3.0 8.3

Fat, %
F -0.6 0.6 0.4 0.6 0.6 0.8
S -0.4 0.2 0.1 0.7 0.5 0.7
J -0.6 0.5 0.1 0.6 0.4 0.7

Arm Muscle, cm
F 0.5 0.5 0.6 0.5 0.2 0.4
S 0.1 0.7 0.0 0.4 0.0 0.3
J -0.1 0.3 0.3 0.5 0.1 0.6

Calf Muscle, cm
F 0.2 0.2 0.2 0.4 -0.1 0.5
S -0.0 0.4 0.3 0.5 -0.1 0.5
J 0.0 0.5 0.5 0.5 -0.1 0.3

* Runners are grouped by school year: freshman (F, n = 6), sophomore (S, n =
5), junior (J, n = 6).
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the season was greatest in the juniors and progressively less in sophomores
and freshmen. From mid-season to the next school year (February to Sep-
tember), body weight declined in the freshman, but was stable in the soph-
omores and juniors. In contrast, the freshmen showed, on average, virtually
no change in fatness over this span, while the sophomores and juniors
increased. Estimated arm and calf muscle increased, on average, from the
beginning of the school year to mid-season and freshmen showed greater
gains than sophomores and juniors. Estimated calf muscle tended to increase
more than arm muscle in the sophomores and juniors, while both muscle
circumferences increased to the same extent in freshmen. Changes in esti-
mated muscle circumferences reflect the effects of weight training prior to
the start of the basketball season. From mid-season until the next school year,
estimated calf muscle declined slightly in the three groups, while arm muscle
was more variable.

As in distance runners, there was considerable variation among individ-
uals in changes in the anthropometric indicators during the season. This is
illustrated in Figure 7.7. The athletes are grouped by year in school and are
ordered based on weight change from September to February in all panels
of the figure. The majority of basketball players gained weight during the

TABLE 7.11

Changes (Means and Standard Deviations) in Body Weight and 
Anthropometric Indicators of Body Composition in Basketball 
Players during the Course of a Season

September-February February-September
Variable Mean SD Mean SD

Body Weight, kg
F* 1.4 2.6 –1.3 2.3
S 1.8 2.3 0.1 2.8
J 0.1 2.0 0.3 2.6

Sum of 8 Skinfolds, mm
F -2.3 10.2 –0.5 10.9
S –4.1 7.0 8.7 11.4
J –10.3 8.2 7.3 12.2

Fat, %
F –0.3 1.1 0.0 1.1
S –0.5 0.7 0.9 1.4
J –1.0 1.0 0.8 1.2

Arm Muscle, cm
F 0.7 0.6 –0.3 0.7
S 0.3 0.8 0.2 0.6
J 0.1 0.5 0.0 0.6

Calf Muscle, cm
F 0.7 0.8 –0.4 0.3
S 0.6 0.7 –0.3 0.8
J 0.5 0.7 –0.4 0.5

* Players are grouped by school year: freshman (F, n = 14), sophomore
(S, n = 13), junior (J, n = 12).
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first part of the year, which included preseason training prior to formal
practices and the early part of the competitive season. Weight change was
accompanied by a loss in absolute and relative fatness and a gain in estimated
arm and calf muscle in about three fourths of the players (top row of Figure
7.7). During the interval from February to September, which included the
final month and one half of the season and then the off season, individual
responses were more variable. Most of the freshman continued to lose
weight, which was accompanied by decreases in estimated arm and calf
muscle circumferences and variable changes in estimated fatness (about one
half of the freshman declined and the other half gained in fatness). In contrast
to the freshmen, about one half of sophomore and junior basketball players
gained weight while the other half lost weight during the interval from
February to September. The changes in weight were accompanied by
decreases in estimated calf muscle and gains in subcutaneous adipose tissue
and relative fatness in most of the older players. Changes in estimated arm
muscle were variable (lower row of Figure 7.7).

Although distance runners and basketball players differ considerably in
size, physique and body composition and there is considerable individuality
in responses during the season, changes in indirect estimates of body com-
position over the year show some similarities. Freshmen athletes tend to
experience significant changes in body composition, specifically gains in
estimated arm and calf muscle, which can be viewed as indirect indicators
of fat-free mass. These gains most likely reflect the effects of more intensive
and specialized training (in contrast to training at the high school level) and
especially regular weight training, although late adolescent growth in muscle
mass is a possible contributory factor. Reductions in fatness are concentrated
largely in the early part of the respective seasons for each sport.

VII. Disordered Eating

Many female athletes have concerns about body weight, some of which is
self generated. Coaches, the media, others in the sports system and society
are additional sources of stress associated with weight, especially social
preferences for thinness. This may lead to the initiation of weight controlling
behaviors associated with eating disorders among athletes, who are a pop-
ulation that is identified at risk.61

Changes in anthropometric indicators and somatotype over the course of
almost 2 years in a distance runner who developed disordered eating are
summarized in Table 7.12. Although there was recovery after the outdoor
season (II to III), the disordered eating resumed during the next season (IV
to V). Over the interval for which data were available (I to V), weight
decreased by 9% and subcutaneous fatness decreased by 47%. Changes in
estimated arm and calf muscle were relatively small, which probably reflects
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nutritional recovery (III) and the effects of regular activity and training in
maintaining muscle mass, more so in the calf than in the arm.

Changes in somatotype reflected soft tissue, specifically subcutaneous fat-
ness. Endomorphy and mesomorphy declined by 45% and 10%, respectively,
whereas ectomorphy increased by about 20% over the observation period
(I–V). Somatotype changes are in the same direction as those reported in the
Minnesota Experiment in which adult males (25.5 ± 3.5 years) underwent 6
months of semistarvation — average daily energy intake during the exper-
iment was 1530 kcal, including about 50 g protein and 30 g fat.62 Of course,
the subjects were not intensively training during the experiment. After 6
months of semistarvation, endomorphy and mesomorphy declined by about
48% and 29%, respectively, while ectomorphy increased by about 67%. These
changes suggest that endomorphy and ectomorphy are strongly influenced
by the amount of subcutaneous tissue.

VIII. Summary

Anthropometry is basically a standardized set of techniques for taking
dimensions of the body and its parts. Measurements are objective and non-
judgmental, whereas evaluation of the measurements requires interpretation
and judgment. Anthropometric studies of adult athletes have a long tradition
in the sport sciences. Initial studies largely documented the body dimensions
of athletes in a variety of sports, males more than females. The study of
somatotype (physique) has expanded considerably with the development of
the Heath-Carter anthropometric protocol.

Selected anthropometric characteristics of female athletes in seven sports
show variation between and within sports and between ethnic groups
(blacks and whites) within sports by position and event. There is also
secular variation in female athletes in several sports, particularly swim-
ming, basketball and volleyball. The secular changes probably reflect more

TABLE 7.12

Changes in Anthropometric Indicators of Body Composition 
and Somatotype in a Distance Runner Who Developed 
Disordered Eating

Aug 
I

Apr 
II

Aug
III

Oct 
IV

Apr 
V

Weight, kg 55.6 51.4 56.2 53.3 50.8
Sum 8 Skinfolds, mm 67.2 39.9 59.5 44.5 35.5
Arm Muscle, cm 19.5 18.5 20.7 18.6 18.5
Calf Muscle, cm 30.3 30.6 32.0 30.5 30.6
Endomorphy 2.0 1.4 1.8 1.2 1.1
Mesomorphy 2.1 1.9 2.7 2.1 1.9
Ectomorphy 4.9 5.7 4.7 5.3 5.9

0927_C07_frame  Page 170  Thursday, March 21, 2002  1:39 PM



Anthropometry of Adult Athletes: Concepts, Methods and Applications 171

opportunities for women in sport, especially after Title IX legislation in the
mid-1970s, selection and recruitment, scholarship support and greater
social acceptability of females in the role of athlete. As a result, more
females are likely to persist in sport beyond the high school years. In
contrast, there has been no secular increase in the heights of United States
adolescents and young adults.

Anthropometirc indicators of body composition are valuable for monitor-
ing changes during the course of a season or from year to year. Seasonal
changes show similarity in distance runners and basketball players. Fresh-
man athletes tend to experience significant changes in estimated arm and
calf muscle circumferences, which probably reflect the effects of more inten-
sive and specialized training (in contrast to training at the high school level)
and especially regular weight training. Late adolescent growth in muscle
mass is also a contributory factor. Reductions in fatness are concentrated
largely in the early part of the respective seasons for each sport when training
is more intense. The anthropometric indicators also provide potentially use-
ful information in monitoring individuals who might be at risk for disor-
dered eating.
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I. Introduction

 

The comparison between men’s and women’s athletic performances has
gained considerable attention over the past 30 years. The foundation for this
interest is rooted in the extreme contrast between women’s historical and
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present-day sports participation. The first Olympic Games of 1896 included
no women athletes. One hundred years later, women represented 36% of
more than 10,000 athletes competing from around the world in the Games
of the XXVI Olympiad. Although the societal role of women in U.S. sports
changed drastically in the mid-1970s as the result of legislation (Title IX) for
equal opportunities in organized sports, recent history shows us that women
are still competing for true sport equality. The marathon is one example of
an Olympic event historically thought to be too difficult for women. It was
not added as an Olympic sport for women until 1984. Other sports requiring
strength and power, such as the hammer throw, weightlifting and pole vault
were likewise added for women only in the most recent 2000 Olympic
Summer Games.

The progression of world record performances in many athletic events for
women has improved at a faster rate than for men over the same duration.
Comparative analyses of these performances inspired many to conclude that
women would soon perform as well as or better than men in athletic contests.
However, the reality of disproportionate improvements in women’s sports
is best explained by a historical social sports bias.

 

1- 4 

 

The accelerated improve-
ments in women’s performances have now reached a plateau similar to that
of men. The consistent performance edge that men still retain over women
in almost all sports can be explained primarily by considerable differences
in body composition and developmental physiology.

 

II. Gender and Strength

 

Skeletal muscle accounts for approximately 50% and 40% of body mass in
males and females, respectively.

 

5

 

 Because muscle mass is proportional to
strength,

 

6

 

 men are generally stronger than women. However, numerous
reports demonstrate the adaptability of skeletal muscle to various exercise
regimens in both genders. To better understand quantitative gender differ-
ences in strength, knowledge of qualitative differences in muscle morphol-
ogy, histochemistry and hormonal influences on muscle development is
essential.

 

A. Factors Influencing Strength Development

 

1. Muscle Fiber Type

 

Differences in fiber characteristics of one muscle group between genders
may not be reflected in another muscle.

 

7

 

 Therefore, an important consider-
ation is the muscle group sampled when comparing males and females.
Several studies have reported similar

 

7–12 

 

and different

 

10,13

 

 fiber type distribu-
tions of selected muscle groups between males and females. Table 8.1
includes fiber type distributions and areas of male and female athletes along
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with less active and sedentary individuals. Komi and Karlsson,

 

13

 

 in a study
investigating mono- and dizygotic twins, showed a greater distribution of
Type I fibers from the vastus lateralis of males compared with females. The
males also demonstrated greater individual variations in fiber type distribu-
tions compared with the females.

 

13

 

 Miller et al.

 

10

 

 observed similar fiber dis-
tributions in the biceps brachii muscle in males and females, but a higher
proportion of Type II fibers in the vastus lateralis of the males.

A common technique for fiber type analysis involves a tissue sample from
muscle biopsy followed by staining for the enzyme myfibrillar ATPase.

 

15

 

Skeletal muscle consists of two main groups of fibers when stained for this
enzyme. Using this technique, an assumption must be made that the biopsied
muscle sample is representative of the entire muscle. Reports indicating
similar fiber type distributions between males and females have involved
bodybuilders,

 

7,8,12

 

 field hockey players,

 

11

 

 track athletes,

 

9

 

 and physical educa-
tion students.

 

12

 

 Untrained individuals often possess a similar distribution of
Type I and Type II fibers.

 

16 

 

Costill et al.

 

9

 

 did report a greater distribution of
Type I fibers in female middle-distance runners than in males, but no differ-
ences among other groups of athletes.

In comparing different groups of athletes, those individuals participating
in endurance events typically possess a greater percentage of oxidative
fibers.

 

15,18-20 

 

As would be expected, there is an effect of exercise specificity
with regard to skeletal muscle adaptation to exercise.

 

20

 

 However, the notion
that a particular fiber type distribution is not a predictor for athletic success
has been indicated.

 

9,22

 

 One example of this point involved a group of elite
paddlers in which the fiber distribution between the deltoid and vastus
lateralis muscles was similar.

 

22

 

2. Muscle Fiber Number

 

It is generally acknowledged that the number of muscle fibers does not
become altered after birth.

 

8

 

 The mechanism for an increase in muscle size is
therefore believed to result from hypertrophy of existing muscle fibers rather
than hyperplasia. A study comparing male and female bodybuilders did
find evidence of an increased estimated fiber number when comparisons
were made with untrained individuals.

 

8

 

 The observed increase in fiber num-
ber was similar between the males and females. However, differences in fiber
number between certain muscle groups of males and females have been
reported. Sale et al.

 

7

 

 found males (untrained and body builders) to possess
a greater fiber number in the biceps brachii muscle than untrained females.
In the anterior tibialis muscle, fewer numbers of fibers have also been
observed in females than in males.

 

29

 

 Females possess a greater amount of
noncontractile tissue within the muscle tissue, which must be taken into
account when estimating fiber number.

 

7

 

 Schantz et al.

 

14

 

 did not find differ-
ences in fiber number between males and females. However, these authors
did not correct for noncontractile tissue within the muscle sample.

 

7

 

 The
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increased amount of noncontractile tissue in female muscle was not shown
to exert a large impact on force generation.

 

10

 

3. Muscle Fiber Area

 

Many studies report smaller mean muscle fiber areas in females than in
males. Thus, this is a primary factor responsible for increased muscle cross-
sectional area in males.

 

7–10 

 

It must be noted that high individual variability
in fiber cross-sectional areas have been reported, which are not always
reflected in the mean values.

 

18

 

 Type II fibers (particularly oxidative fibers)
are larger than Type I fibers,

 

 11

 

 an observation particularly apparent among
weight lifters.

 

15,16,18

 

 Type I fibers have been shown to be of similar size in
male weightlifters, endurance athletes, and untrained individuals.

 

16

 

 How-
ever, female athletes have been shown to possess greater Type I fiber areas
than their untrained counterparts.

 

11

 

 Type I fibers have been reported to be
larger than Type II fibers in the vastus lateralis muscle of athletic

 

19,20

 

 and
untrained

 

30

 

 females. It has been suggested that the greater mean fiber area
in males compared with females may be the result of differences in activity
patterns.

 

7

 

4. Training

 

It is generally accepted that exercise training does not increase the number
of muscle fibers. Fiber type distribution has

 

26

 

 and has not

 

31–35 

 

been shown to
be affected by exercise training. In a group of males and females who under-
went 15 weeks of cycling training, an increase and decrease in the percent
of Type I and Type II fibers, respectively, was observed.

 

26

 

 The majority of
studies have not demonstrated conversions between Type I and Type II
muscle fibers. Studies using electrical stimulation or cross-innervation of
muscle fibers have demonstrated the ability to convert fibers between Type
I and Type II. Training studies involving humans have typically not shown
this effect; in general, there are no fiber type conversions when fibers are
classified as two main groups.

 

27

 

 As a result of exercise training, the fiber
distribution of subgroups within the Type II group may undergo conver-
sions. The Type II muscle fiber population possesses the greater ability to
adapt in size and oxidative capacity than the Type I fibers.

 

18

 

 Type II fiber
conversions have been demonstrated in both genders. For example, the
conversion of Type IIb to Type IIa fibers was observed following cycling
training in males

 

27

 

 and in females undergoing 24 weeks of cross-country
running

 

28

 

 and following 20 weeks of strength training.

 

30

 

There is, however, limited evidence in humans suggesting a Type I to Type
II fiber conversion.

 

23

 

 Following a period of aerobic training, male runners
decreased the percentage of Type I fibers and increased the percentage of
Type II fibers. Following anaerobic training, the opposite change in fiber
distribution occurred. It was suggested that conversions between Type I and

 

0927_C08_frame  Page 183  Thursday, March 21, 2002  1:39 PM



 

184

 

Nutritional Assessment of Athletes

 

Type II fibers may occur, with the formation of Type IIc fibers serving as
intermediary transition fibers between the types.

 

23

 

Fiber areas of the vastus lateralis have been shown to be influenced by:

• 5 months of cycling exercise in a group of male subjects

 

34

 

• 15 weeks of cycling exercise in a group of males and females

 

26

 

• 20 weeks of resistance exercise in females

 

30

 

• Following 24 weeks of cross-country running in a group of
females

 

28

 

In other studies, the mean fiber areas of the vastus lateralis have not been
shown to be affected by strength

 

31,33

 

 or sprint

 

35

 

 training. Thorstensson et al.

 

35

 

observed an increase in mean areas of Type I and Type II fibers in three out
of four subjects undergoing 8 weeks of spring training. However, the average
of the four subjects did not indicate significant differences. Seven

 

31

 

 and 8

 

33

 

weeks of strength training influenced the fiber area ratios of the vastus
lateralis, but had no effect on fiber area or distribution.

 

5. The Role of Testosterone

 

Men and women experience similar improvements in relative strength gains
from resistance training,

 

36,37

 

 although men are still 25–60% stronger than
women in absolute weight lifted.

 

10,37

 

 Strength differences between the sexes
are often attributed to androgen hormones. In a cross-sectional study of male
and female adolescents 11–18 years of age, Ramos et al.

 

38

 

 report an increase
in testosterone and growth hormone levels with maturation in males, but
not females. Testosterone levels and absolute strength were, however, posi-
tively correlated for both sexes. Females participating in strength training
programs have demonstrated significant gains in strength despite only small
increases in muscle hypertrophy.

 

39,40

 

 Brown and Wilmore

 

39

 

 observed average
lean body mass increases of less than 1 kg following 6 months of strength
training, despite increases in strength of 15–45%. In women performing 3
weeks of intensive heavy resistance training, significant strength improve-
ments were observed posttraining without significant changes in circulating
testosterone. More importantly, strength was improved with minimal
changes in muscle hypertrophy.

 

41

 

 It was concluded that strength gains were
the result of increased voluntary activation of the trained muscles.

Why are men stronger than women? Although many structural character-
istics of muscle can potentially contribute to force production and growth
(fiber type, fiber length, pennation angle), only muscle fiber cross-sectional
area (CSA) differs between men and women.

 

8,10,12,42

 

 In general, men have
muscle CSAs that are 25–45% greater than women, depending on the muscle
examined.

 

8,10

 

 Voluntary strength has been shown to correlate positively with
muscle CSA.

 

24

 

 Expressed relative to lean body mass, males still possess
greater strength, however, strength is similar between genders when
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expressed relative to muscle CSA.

 

10,13

 

 Therefore, gender differences in
strength are directly attributable to differences in skeletal muscle architecture
— specifically muscle fiber CSA.

 

10,36,42

 

 Because skeletal muscle possesses
androgen receptors,

 

43

 

 the higher concentration of circulating testosterone in
men than in women and the well known effects of androgen-stimulated
protein synthesis probably explain this physiological difference in CSA. It
probably also explains the absolute performance differences in strength
between men and women.

 

B. Gender Differences in Strength Performance

 

The amount of body mass as contractile tissue determines muscle strength,
which varies almost exactly with muscle mass to the two-thirds power.

 

6

 

 The
25–45% greater absolute muscle mass and CSA of skeletal muscle in men is
also remarkably similar to the absolute differences in strength between men
and women. Ford et al.

 

6

 

 compared male and female world champion weight-
lifters (1993–1997) on various body dimensions and performance in the
combined snatch and clean and jerk lifts. They reported that strength per
“cross-sectional area” (defined as body weight divided by height) was
reduced in proportion to the amount of body mass carried as noncontractile
tissue. For example, unlimited-class champions (no weight limit) lifted only
6% more weight than the heaviest limited-class competitors despite being
61% heavier. This was explained by a larger fraction of their mass carried
as noncontractile tissue.

 

6

 

 Ford et al.

 

6

 

 also concluded that the women weight-
lifters had 30% less contractile tissue than the men, which is consistent with
general observations between men and women (25%),

 

5 

 

and approximates
the differences in world record weightlifting performances for men and
women matched for body mass in Table 8.2. Therefore, the absolute strength
differences between men and women are the collective result of differences
in body composition. Women carry less mass as contractile tissue (more body
fat) and have smaller muscle CSAs due to genetic differences in circulating
androgens.

 

III. Gender and Endurance

 

Physical differences between the sexes contributed for decades to the mis-
taken belief that women were too fragile to compete in endurance sports.

 

1,45

 

Although societal influences (training and participation in sports) may have
made the biggest impact historically,

 

1-4 

 

large gender differences in aerobic
performance diminished when classic analyses like that of Sparling et al.

 

46

 

clearly showed the importance of expressing oxygen uptake relative to body
weight when comparing men and women on aerobic power parameters. But
when the contribution of body fat to gender differences in aerobic capacity
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is controlled, men still retain an endurance performance advantage of bio-
logical origin.

A three-tiered model that includes aerobic power (VO

 

2max

 

), lactate thresh-
old, and economy of movement

 

47

 

 explains the physiological determinants
of endurance performance. Taken together, these three variables determine
how long an athlete can sustain any given exercise power output.

 

A. Factors Influencing Endurance Development

 

1. VO

 

2max

 

Oxygen consumption increases directly as a function of exercise intensity. It
is therefore intuitive that athletes wishing to run, cycle, or swim faster in
prolonged exercise events must obtain and use larger quantities of oxygen
to fuel their added energy (ATP) requirement. Maximal oxygen consumption
(VO

 

2max

 

) is defined as the point at which oxygen consumption reaches a
plateau despite an increase in exercise intensity.

 

48

 

 VO

 

2max

 

 results when both
the rate of oxygen transport (cardiac output) and oxygen utilization (arteri-
ovenous oxygen difference) are maximal. Defined properly, VO

 

2max

 

 is equal
to the product of maximum cardiac output (Qmax) and maximum arterio-
venous oxygen difference (A-VO

 

2diff

 

). Q

 

max

 

 is itself the product of maximum
heart rate (HR

 

max

 

) and maximum stroke volume (SV

 

max

 

) expressed in L/min

 

–1

 

and A-VO

 

2diffmax

 

 is the difference between the oxygen content of arterial and
venous blood in ml O

 

2 

 

/100 ml

 

–1

 

 blood (oxygen extraction and utilization).
Among the general population, absolute (L/min

 

-1

 

) VO

 

2max

 

 values for men
are 30–60% greater than those for women.

 

1,46,49

 

 However, this difference is
drastically reduced to roughly 20% and 10% when expressed relatively as
ml • kg

 

–1

 

/min

 

–1

 

 and ml/kgLBM

 

–1

 

/min

 

–1

 

, respectively.

 

1,46,49

 

 Values in all cat-
egories contrast somewhat less when trained

 

46

 

 or elite

 

50

 

 men and women are
compared. To illustrate the importance of body composition on VO

 

2max

 

, Table
8.3 was constructed using data collected on accomplished male and female

 

TABLE 8.2

 

World Record Performances in Olympic-Style 

 

Weightlifting*

 

Combined Totals (kg)a

Weight Class 
(kg) Men Women

Difference
(%)b

56–58 302.5 235.0 – 29
62–63 325.0 240.0 – 35

69 357.5 255.0 – 40
75–77 372.5 285.0 – 31

a = Combined clean and jerk and snatch lifts
b = [(women’s total–men’s total) / women’s total]; (-) indicates

women lift less
* All data from reference 44
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marathon runners.51–54 VO2max is 26% (L/min–1), 17% (ml/kg–1/min–1) and
10% (ml/kgLBM–1/min–1) greater for men than women in this example.
Therefore, accounting for the smaller total body mass (TBM), lean body mass
(LBM) and the larger body fat (BF) in the female runners reduces the differ-
ence in VO2max between the sexes by at least two thirds. Gender differences
in components of the oxygen transport and utilization system also play a
large role.

Women have a smaller heart, lower hemoglobin concentration, and a
smaller blood volume than men.55-58 The smaller left ventricular mass of
women, coupled with a smaller blood volume, reduces preload and com-
promises the Frank-Starling mechanism, thus resulting in a smaller stroke
volume and cardiac output. This is supported by the literature56-58 and appar-
ent from the stroke volume and cardiac output data in Table 8.3 calculated
using the Fick equation. Men also carry more blood oxygen (20 ml O2/100
ml–1 blood) than women (18 ml O2/100 ml–1 blood) (calculated using a
binding capacity of 1.34 ml O2/g–1 Hb). Thus, the convective oxygen delivery
potential is greater for men. Differences in cardiac muscle architecture and
hemodynamics probably best explain remaining differences in VO2max

between men and women from Table 8.3. Of course, these numbers are not
intended for definitive interpretation, as much of the data from Table 8.3 is
1) derived rather than measured, 2) undoubtedly varies within the popula-
tion considered and 3) does not include other potential gender differences
that may affect VO2max, such as pulmonary capacity. What these data do
support is a significant contribution by body composition to the differences
in VO2max observed between men and women.

Although a strong inverse correlation exists between VO2max and finishing
time for marathon runners,60,61 a large aerobic capacity is only one factor that
determines success in endurance exercise. Consider that, in 1969, Derek
Clayton set a world record for the men’s marathon that stood for 12 years,
even though his measured VO2max was less (69 ml/kg–1/min–1) than many
elite women competitors today.50,62 The present world’s best time for women
is still ~12 minutes slower than this 1969 men’s mark. In addition, the
predictive capacity of VO2max on endurance performance wanes heavily
when the distribution of aerobic capacities is more homogenous.62,63 Other
important factors must also contribute to endurance exercise success.

2. Lactate Threshold

The inability to sustain exercise at VO2max intensities throughout prolonged
exercise is a key limitation to endurance performance. Because higher exer-
cise intensities require obligatory carbohydrate to rapidly provide ATP com-
mensurate with activity needs, a mismatch between pyruvate production
and utilization is reflected in an accumulation of blood lactate.64 The inflec-
tion point where blood lactate concentrations increase continuously at a
constant exercise power output is commonly referred to as the lactate thresh-
old.65 The closer individual athletes can exercise to their VO2max without
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incurring a mismatch between lactate production and clearance, the higher
their lactate threshold.

An inverse relationship exists between the duration of exercise and the
%VO2max that can be sustained.66,67 For prolonged bouts of exercise (> 2 hrs),
values between 68–88 %VO2max have been reported, with more highly trained
athletes representing the higher values.61,66,67 There appears to be no gender
difference in lactate threshold,68,69 which is corroborated by women athletes
competing at relative exercise intensities (%VO2max) similar to men’s in
endurance events.61,70 This is also logical because the mitochondrial density
and enzymatic characteristics of endurance-trained muscle are highly corre-
lated with endurance performance,71 but are likewise not significantly dif-
ferent between men and women when controlling for training status.72-75

3. Exercise Economy

Exercise economy refers to the relationship between speed of movement and
energy expenditure (VO2).76 Performance technique is one key to good exer-
cise economy. This is especially important for prolonged intense exercise
because the physiological demands of endurance and ultraendurance sports
lead to deterioration in exercise economy, especially in the latter stages of
competition.77 Examples of “unwanted” energy-costing movements are a
larger vertical component in running,78 excessive drag in swimming79 and
the engagement of muscle groups that contribute negligibly to propulsion
in cycling.80 Because large interindividual differences exist for exercise econ-
omy,76 two athletes with the same VO2max may require very different steady-
state oxygen needs for the same submaximal running, swimming or cycling
speed. Reciprocal logic dictates that an economical athlete with a moderate
VO2max might perform as well as or better than a less economical athlete with
a high VO2max — especially during prolonged exercise requiring enormous,
but limited, energy needs. Such a difference, in addition to lactate threshold,
explains how athletes with “modest” VO2max values (< 70 ml/kg–1/min–1)
can compete and even set world records in endurance events usually dom-
inated by those with very high VO2max values.

Most81-84 studies examining the oxygen cost of running at any relative
intensity find no gender differences in running economy. We might assume
that the same is true of other endurance sports, however, gender differences
in body weight, surface area, and density (body fat) might potentially impact
swimming economy and performance. Zamparo et al.85 demonstrated that
men experience greater “torque” than women when in water, which is the
tendency for the upper body to rise due to the relational configuration of
the center of mass to the center of volume (lungs). Because body density
explained a large portion of the variability in torque, the higher body fat
and gynoidal distribution of fat in women could equate to a reduced body
drag when swimming, owing to less torque (more buoyant, horizontal posi-
tion). The smaller differences in swimming performances between men and
women (Table 8.4) when compared with running (Table 8.5) and the fact that
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women actually outperform men when swimming distances beyond 20 km,
make this a plausible hypothesis. Additionally, although the economy of
swimming, cycling and running is each an important contributor to triathlon
success, improvement in swimming economy alone is believed to hold par-
ticular promise toward enhancing triathlon performance.63

TABLE 8.4

World and American Record Performances in 
Long Distance Swimming

Time (hr:min:sec)
Distance 

(km) Men Women
Difference 

(%)c

0.4a  0:03:40  0:04:03  + 9.4
0.8a  0:07:46  0:08:16  + 6.0
1.5a  0:14:41  0:15:52  + 7.4
5.0b  1:05:07 1:04:27  – 1.0

10.0b  1:54:05  2:00:48  + 5.6
15.0b  3:21:23  3:22:44  + 0.7
20.0b  4:34:57  4:31:00  – 1.5
25.0b  5:50:05  5:40:21  – 2.9
30.0b  7:05:27  6:48:26 – 4.2

a = World records–data from reference 86
b = American records–data from reference 87
c = [(women’s time–men’s time) / women’s time];

(+) indicates women swim slower, (-) indicates
women swim faster

TABLE 8.5

World Record Performances in Long 
Distance Running

Time (hr:min:sec)
Distance

(km) Men Women
Difference 

(%)c

1.5a  0:03:26  0:03:50  + 10.4
3.0a  0:07:20  0:08:06  + 9.5
5.0a  0:12:39  0:14:28  + 12.6

10.0a  0:26:22  0:29:31  + 10.7
42.0a  2:05:42  2:20:43  + 10.7

100.0b  6:10:20  7:23:28  + 26.5
500.0b  60:23:00  77:53:46  + 22.5

1000.0b 136:17:00 192:27:06  + 29.2

a = Data from reference 86
b = Data from reference 88
c = [(women’s time–men’s time)/women’s

time]; (+) indicates women run slower
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4. Training

The qualitative physiological responses of women to aerobic training appear
equal to those of men, provided that the exercise training stimulus (intensity,
frequency, duration) is the same and initial fitness is similar. Relative
improvements in VO2max,57,82,89,90 maximal heart rate,82,89,90 stroke volume,57,91

A-VO2diff
 59 and mitochondrial adaptations74,75 are similar between the sexes.

Likewise, similar slow-twitch (oxidative) muscle fiber percentages between
endurance-trained men and women are observed (Table 8.1). Because men
and women adapt equally to exercise stress and have similar lactate thresh-
olds and exercise economies, gender differences in endurance performance
are the result of differences in VO2max that are explained largely by underlying
differences in body composition. It is therefore interesting and controversial
that women are still believed by some to be better suited for endurance
sports than men.

5. The Role of Estrogen

The augmentation of peripheral fat store mobilization and utilization during
prolonged exercise is an attractive means by which to delay muscle glycogen
depletion and enhance endurance performance.92 This beneficial shift in
energy partitioning between carbohydrate and lipid substrates has been
observed in women relative to men and is the impetus for the belief that
women may be better adapted for endurance and ultraendurance sports.
Initial theories of differences in energy metabolism between men and women
ironically included the greater availability of lipid afforded by the higher
body fat percentages of women.93 More favorable theories now implicate
circulating estrogens as the link to this alteration in substrate metabolism.

In untrained men and women during low- (35% VO2max) and high- (80%
VO2max) intensity exercise, Blatchford et al.94 and Froberg et al.95 reported
higher circulating free fatty acids and glycerol and lower respiratory
exchange ratios (RER) in women than in their male counterparts. This
resulted in fat utilization estimates of 59% for men and 73% for women.94

Horton et al.96 observed similar (42% for men and 51% for women) differ-
ences in fat utilization between the sexes during 2 hours of cycling at 40%
VO2max, which was again estimated using indirect calorimetry. Froberg et
al.95 reported significantly longer times to exhaustion (~ 17 minutes) for
“physically active,” but untrained, women when compared with men at 80%
VO2max. However, these differences in performance disappeared when exer-
cise intensity was increased to 90% VO2max. In contrast, Friedman and
colleagues97 ran untrained men and women on a treadmill at 75% VO2max

over 10 km and observed no differences in circulating free fatty acids, glyc-
erol, or RER.

Costill et al.98 tested male and female distance runners matched for training
mileage, VO2max, and muscle fiber composition before comparing substrate
utilization during 60 minutes of treadmill running at 70% VO2max. No differ-
ences in free fatty acids, glycerol, or RER were observed. Another study
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comparing trained men and women matched for fitness also reported no
gender differences in RER after 90 minutes of treadmill running at 65%
VO2max.99 However, Tarnopolsky et al.100 reported gender differences in
substrate utilization between six men and women matched for VO2max

and on a 3-day controlled diet. After running ~15 km at 65%VO2max,
significant differences in mean RER (0.94 men vs. 0.87 women) indicated
that men utilized more carbohydrate than women, which was corrobo-
rated with muscle biopsy data showing that males used 25% more gly-
cogen than women. It was concluded that females relied more on lipid
fuel reserves (intramuscular) than equally trained men under identical
relative exercise intensities. This was also the only study to report men-
strual cycle phase (midfollicular), although this was not quantified by
hormone assay.

Nicklas et al.101 compared untrained eumennorrheic women at 70%
VO2max during midfollicular and midluteal cycle phases, which were con-
firmed by resting estradiol and progesterone concentrations. Estradiol
levels were >300% higher in the luteal than the follicular phase (larger
area under the estrogen curve), and RER values were significantly lower
(0.71 luteal vs. 0.86 follicular) at rest. Run time to exhaustion was not
significantly different between phases, but the trend (P < 0.09) for greater
endurance observed in the luteal phase has been significant in related
studies of both humans102 and animals.103-105 The proposed mechanism
behind this alteration in metabolism appears to involve estrogen only,103

despite higher circulating progesterone levels, also in the luteal phase.
Estrogen appears to upregulate lipoprotein lipase (LPL) activity, as evi-
denced when 24 healthy females showed 150% greater LPL activity in
the luteal vs. follicular phase.106 This is also consistent with reports of
improved endurance in the luteal phase.101,102

The evidence of Tarnopolsky et al.100 seems conflicting, as it was gath-
ered during the midfollicular phase of the menstrual cycle. Because estro-
gen levels were not measured, it is impossible to know if the women
were closer to ovulation and the luteal phase or still in the early stages
of the follicular phase. The control and documentation of menstrual cycle
phase is therefore imperative when comparing men and women on
energy metabolism and endurance performance. Many of the discrepan-
cies in the literature reviewed may therefore be the result of menstrual
cycle phase differences. Any degree of oligomenorrhea or amenorrhea,
which is not an uncommon response to intense endurance training,107,108

would also negate the “estrogen advantage” and could account for the
more consistent effects of estrogen on substrate metabolism observed in
untrained women.94,95,97 While considerable evidence of an estrogen influ-
ence on lipid metabolism, and possibly also endurance, is well estab-
lished, the more practical question of whether this translates into real-
life record performance differences between men and women is more
controversial.
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B. Gender Differences in Endurance Performance

In 1992, Whipp and Ward109 published a brief but highly controversial
analysis of the progression in distance-running world records between men
and women. Accordingly, they proposed that women would eventually
run as fast as men at all distances from 200 meters to the marathon.
However, the predictive slopes between men and women intersected much
sooner for running distances beyond 10 km — especially for the mara-
thon.109 Sparling et al.3 reevaluated running performances for men and
women from 1.5 km to 42.2 km, examining world best times and the 100th
best world times as performance indices for men and women between 1980
and 1996. They concluded that the rate of improvement in distance running
for women had reached a plateau since the mid 1980s and was equal to
that of men.3 When plotting the mean running velocities for the top 50
times in 1996 for 1.5 km, 10 km, and 42.2 km, a consistent difference of ~
13% between men and women was reported. Figure 8.1 is a comparative
plot of the world record progression in the marathon between men and
women between 1908 and 2000. Consistent with the findings of Sparling
et al.,3 the steep slope of improvement in women’s marathon performance
between 1964 and 1984 (28.5%) leveled off between 1984 and 2000 (1.4%).
The difference in world record performances between men and women
from 1984 (10%) and 2000 (11%) is also nearly identical. Despite this evi-
dence, the idea that women might perform better than men at distances
beyond 42.2 km still persists.

Men and women matched closely for VO2max and 42 km performance
time were recently compared for performance over 90 km.110 The fact that
the women ran the 90 km distance significantly faster (171 min) than their
male counterparts (192.6 min) could not be explained by gender differences
in VO2max, training, running economy, or fatty acid metabolism. Bam et
al.111 found similar results when comparing existing race data from a large
sample of men and women matched for 56 km performance, age, and
training. Furthermore, the ~20% smaller body mass of the women in both
studies could not explain the advantage since, although energy expenditure
is constant and proportional to body mass (1 kcal/kg–1/km–1),78,112 the
women exercised at a slightly higher fractional percentage of VO2max, thus
producing similar power outputs.110,111 What remains, however, is the fact
that when men and women are matched for aerobic fitness, the women
inherently represent a relatively more fit athlete than the males, because
body compositional and physiological differences between men and
women ordinarily make for a 10–60% aerobic fitness advantage in men.
These findings are intriguing and it can be argued that women matched
for aerobic fitness and performance to men from 42–56 km will perform
better at longer (90 km) distances. However, this does not represent the
usual competitive condition.

From Table 8.5 it is apparent that the best individual running performances
of men and women at distances from 1.5–42.2 km are consistently ~ 10%
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slower for women. At distances from 100–1000 km, the differences are actu-
ally even larger (20–30% slower for women). Table 8.4 suggests that women
do have a genuine performance advantage over men in the water. Overall,
differences in endurance swim records between the sexes are smaller than
for running (< 10%), while women are 1–4% faster than men at distances
from 20–30 km. In fact, a woman (Penny Dean) still holds the world record
for the prestigious 20-plus-mile open water English Channel swim. Times
in this race are quite variable, however, as differences in weather and tide
can push swimmers from side to side and add additional horizontal swim-
ming miles on any given attempt. Although comparisons of individual per-
formances do not necessarily reflect population differences, Tables 8.4 and
8.5 and this literature review clearly illustrate that biological differences in
VO2max probably explain the superior performances of men in endurance
running. This same difference in aerobic capacity may be, however, over-
shadowed by a more ideal female body composition (less torque85) for endur-
ance swimming.

IV. Summary

The body compositional (body fat and muscle CSA) and physiological (hemo-
globin concentration and cardiac muscle architecture) differences between

FIGURE 8.1
Progression in men’s and women’s world record performances for marathon running between
1908 and 2000. Data compiled from reference 86.
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men and women are fundamental gender differences of biological origin. Men
are generally stronger than women and possess a larger aerobic capacity.
Although the hormonal (estrogen) and morphological (body fat) characteris-
tics of women may provide a qualitative advantage over men in endurance
sports, only empirical evidence in ultraendurance swimming lends quantita-
tive support to this idea when comparing the world’s best men’s and women’s
performances. The similar plateau in sports performance for men and women
over the past 20 years suggests growing gender equality in sports participa-
tion. If this is so, then the remaining strength and endurance performance
gaps between men and women are unlikely to narrow.
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I. Introduction

 

The central function of nutrition is to provide sufficient energy to sustain
life. The energy is needed for muscle contraction, as well as to build tissues,
digest food and to create enzymes and hormones. All of these processes will
ultimately generate heat. Thus, metabolism and heat production can be
viewed in the same perspective. For decades, the basic unit of energy in
humans has been the 

 

kilocalorie

 

 (kcal). This is the amount of heat required
to increase one kilogram of water 1º Celsius. However, the S.I. Unit (le
Système International d’Unités) of the 

 

kiloJoule

 

 (kJ) is becoming more accept-
able.

 

1

 

 Conversion between systems is simple, as 1 kcal is equal to 4.184 kJ.
Although these two units are used in the literature, other units of measure
have been used. The kilogram-meter, or

 

 

 

kgm, is a unit of energy used fre-
quently on cycle ergometers. It is determined by multiplying the kilograms
of resistance times the number of revolutions per minute, times the distance
traveled per revolution. Thus, someone pedaling at 60 rpm on a standard
cycle ergometer with a resistance of 2 kg would be working at 720 kgm.
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Kgm can be converted to either kcal or kJ easily as there are 427 kgm per
kcal or about 102 kgm per kJ. Using the example above, exercising at 720
kpm would equal 1.69 kcal or 7.06 kJ. Some researchers have also reported

 

watts 

 

(w); however, the watt is a unit of power (Joules/second) and should
not be used in energy production equations.

Energy derived from the complete combustion of each major nutrient is
different. Fats produce the most energy per gram (9.4 kcal or 39.3 kJ/g),
protein produces about 5.65 kcal or 23.7 kJ/g, while carbohydrates yield
only 4.3 kcal/18 kJ/g.

 

2

 

 These values are determined using a bomb calo-
rimeter, which is a strong steel cylinder, resistant to high pressures, with
a highly insulated water bath surrounding it.

 

3

 

 The food substance is sealed
in the cylinder containing high-pressure oxygen. The food is electronically
ignited and the heat production is computed by measuring the increase in
the water temperature in the water bath, taking into consideration the
volume of water encircling the calorimeter. In contrast to the bomb calo-
rimeter, human metabolism is not as efficient at assimilating and using
these substrates. Thus, for practical purposes, the energy production of
carbohydrates and proteins is about 4 kcal/g (17 kJ/g), while fats produce
approximately 9 kcal/g (37 kJ/g).

 

II. Methods for the Measurement of Metabolic Rate

 

The energy output of humans can be measured by 

 

direct

 

 and 

 

indirect

 

 calo-
rimetry.

 

4-6

 

 The direct calorimetry method measures heat production. The
method is accurate, but most organizations do not have the expensive, com-
plicated facilities and equipment needed to use this method. Indirect meth-
ods, which rely on the measurement of oxygen uptake, are less expensive,
smaller, and more portable. In addition, studies have shown good agreement
between direct and indirect calorimetry. Because the advantages of indirect
calorimetry are considerable, its use gained popularity in the early 1900s.

 

6-8

 

A. Direct Calorimetry

 

Direct calorimetry

 

, which directly assesses heat production, typically requires
a small room with highly insulated walls.

 

4,6,8

 

 These units are a larger version
of the bomb calorimeter. The walls of the unit contain a series of finned pipes
through which water is pumped at a constant rate. The heat generated by
the subject is measured by the difference between the incoming and outgoing
water temperatures measured to the 0.01

 

°

 

C, knowing the volume and rate
of the water flow. Oxygen is continuously supplied and carbon dioxide is
removed by chemical absorbent. Direct calorimeters come in several sizes
and types ranging from suit calorimeters, like those used by astronauts, to
small chambers and even larger rooms. Using direct calorimetry to measure
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metabolic rate takes considerable time, as it takes at least 30 minutes for the
heat loss and heat production to equilibrate.

 

6

 

 In addition, it appears that the
methods work best for steady-state activities. The method is highly accurate,
but is limited only to resting measures or those activities that have minimal
range of movement. The methods will not work for most sports or activities,
in varying environments, or in large-scale studies.

 

B. Indirect Calorimetry

 

The underlying principle of 

 

indirect calorimetry

 

 is that the production of
energy requires oxygen.

 

4-6 

 

Thus, if the oxygen uptake is measured, energy
production can then be estimated and, through mathematical conversion,
the results can be presented either in kcal or kJ. Indirect calorimetry appears
to be the method of choice for measuring energy expenditure at rest or during
activity.

 

5

 

 This method is based on four assumptions:

 

4

 

1. The individual is not in a starvation state.
2. Because the individual is not starving, protein makes up only a

very small portion of the energy and can therefore be ignored.
3. The contribution of anaerobic metabolism to the energy production

is quite small.
4. When using a combination of carbohydrates, fats, and proteins as

a source of energy, approximately 4.82 kcal (20 kJ) of energy is
liberated per liter of oxygen used.

 

8

 

For convenience, the 4.82 kcal/L O

 

2

 

 has been rounded to 5 kcal or 21 kJ per
liter of oxygen. The equipment to obtain the oxygen uptake is much less
expensive than that used for direct calorimetry and has been found to have
an error as little as 1% compared with direct calorimetry.

 

7

 

 There are actually
two general indirect calorimetry methods. One employs a closed circuit
system while the other uses an open-circuit system. Both appear to be equally
valid; however, the open-circuit system has proven to be more beneficial for
activities involving movement.

 

1. Closed-Circuit Spirometry

 

The closed circuit system, or closed-circuit spirometry, uses a spirometer, an
airtight cylinder, filled with 100% oxygen and an absorbent that is used to
remove the CO

 

2

 

 exhaled in each breath.

 

2

 

 The person simply breathes through
the spirometer. Because O

 

2

 

 is absorbed by the body, and any CO

 

2

 

 produced
is removed from the spirometer, the volume of gas in the spirometer is
reduced. The difference between the initial and the final volumes of oxygen
in the spirometer is the oxygen uptake. That oxygen uptake is multiplied by
5 kcal/L to obtain the energy use. Some problems are inherent with this
system.

 

9

 

 Temperature of the gas will affect the volume in the spirometer. A
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1

 

°

 

C rise in temperature will cause a 10,000 ml volume to increase to 10,034
ml.

 

9 

 

Because expired air is at a higher temperature than inspired, this could
be a critical factor in underestimating metabolic rate. The system must be
airtight so volumes will not change inappropriately. The CO

 

2

 

 absorbent must
be adequate or the CO

 

2

 

 production will simply replace the oxygen uptake
and reduce the measured oxygen uptake. Inadequate CO

 

2

 

 absorbent will
also increase respiration and reduce any exercise performance. Similarly, at
high metabolic rates, the CO

 

2

 

 absorbent may not be able to keep pace with
the respiratory CO

 

2

 

 output, once again reducing exercise performance.
Because the equipment is a closed circuit, the apparatus must have the
capacity to hold a large volume of oxygen. For example, during exercise, a
person may utilize 2–3 liters of oxygen per minute. Thus, for a 20-minute
run, the apparatus must be able to contain at least 40–60 liters of oxygen.
Finally, once subjects are on the apparatus, they cannot come off it until the
final measure has been made. These limitations, plus the bulky size of the
equipment and its proximity to the subject, have limited the use of closed-
circuit spirometry for exercise studies.

 

2. Open-Circuit Spirometry

 

The open-circuit system has proven itself to be useful to measure energy use
both at rest and during exercise. In this method, subjects do not rebreathe
their own air. They simply breathe in room air and expire their air through
a system that measures the total volume of air and the expired proportions
of oxygen and carbon dioxide.

 

4-6

 

 The difference between the inspired and
expired is the oxygen uptake.

There are basically three major types of open-circuit systems:

1. A bag system
2. A computerized system
3. A portable system

 

8

 

All three systems start with the subject’s breathing through a mask or
breathing valve that allows the expired air to be directed through the ana-
lyzers. All three types contain a meter to measure total air volume (ventila-
tion meter, turbine, or pneumotach), an oxygen meter and a CO

 

2

 

 meter. The
bag system collects the volume of expired air in a large meteorological
balloon or a standard rubberized Douglas bag.

 

6

 

 The contents of the bag are
measured for their volumes of oxygen and carbon dioxide, as well as the
overall air volume. These values are then introduced into a formula to
compute oxygen uptake. The computerized system takes the output from
the three meters (expired oxygen, expired carbon dioxide, and ventilation)
and computes the oxygen uptake.

 

8 

 

The computerized system has the advan-
tage of using instruments with much faster response time so that oxygen
uptake can be computed on a breath-by-breath basis. Modern technology
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and microprocessors have resulted in miniaturizing the computerized sys-
tems to the point that they weigh less than 1 kg and can be worn on the
back or abdomen; thus allowing freedom of movement. The portable units
can also contain telemetry systems that allow investigators to obtain the
energy expenditure data without being in direct contact with the subject.
These portable systems allow researchers to obtain breath-by-breath infor-
mation on energy expenditures of many activities with the person unim-
peded.

All of the open-circuit systems have the same underlying assumptions as
other indirect calorimetry systems; that is, the individual is not in a starvation
state, protein makes up only a very small portion of the energy and can
therefore be ignored, and the contribution of anaerobic metabolism to the
energy production is quite small. However, the open-circuit systems do not
generalize the energy production from a liter of oxygen. Instead, the open-
circuit methods utilize the fact that carbohydrates and fats have different
oxygen demands (VO

 

2

 

) and carbon dioxide production (VCO

 

2

 

) rates,

 

10

 

 there-
fore allowing for differing energy rates (kcal/kJ) based on substrate utiliza-
tion. Using open-circuit spirometry to measure energy expenditure requires
that the person reach a steady state. This is because the VCO

 

2

 

 and VO

 

2

 

represent substrate utilization only during steady state. In this state, the
VCO

 

2

 

 is usually less than the VO

 

2

 

, so the relationship or ratio is always 

 

≤

 

 1.0.
However, any activity that produces considerable lactate acid will increase
VCO

 

2

 

, via the bicarbonate buffer equation (H

 

+ 

 

+ HCO

 

3
–

 

 

 

→

 

 H

 

2

 

O + CO

 

2

 

). The
increased CO

 

2

 

 will increase the VCO

 

2

 

 above what is expected for aerobic
metabolism and reduce the ability to compute energy expenditure.

 

4-6

 

 These
are major limitations of indirect calorimetry.

 

a. Computation of Energy Expenditure Using the Respiratory Exchange Ratio

 

The 

 

respiratory exchange ratio

 

 (RER), respiratory quotient (RQ), or simply the
R value, is the ratio of VCO

 

2 

 

to VO

 

2

 

 uptake.

 

4-6

 

 The RER does not take protein
metabolism for energy into consideration; therefore, it is sometimes referred
to as the nonprotein RER.

 

4,6

 

 The RER for carbohydrate is 1.0, as the oxidation
of a single glucose molecule requires 6 O

 

2

 

 molecules and produces 6 CO

 

2

 

molecules, or a ratio of, 6/6 (CO

 

2

 

/O

 

2

 

), which equals 1.0. The reaction can be
summarized by the following equation: C

 

6

 

H

 

12

 

O

 

6

 

 + 6O

 

2

 

 

 

→

 

 6CO

 

2

 

 + 6 H

 

2

 

O +
energy. Conversely, the oxidation of a palmitic acid molecule, a typical fatty
acid used for energy, uses 23 O

 

2

 

 molecules and produces 16 CO

 

2 

 

molecules
(16/23 = 0.696), summarized by the following equation: C

 

16

 

H

 

32

 

O

 

2

 

 + 23O

 

2

 

 

 

→

 

16CO

 

2

 

 + 16H

 

2

 

O + energy.
As the composition of the substrate used for energy changes from fat to

glucose, the RER changes from 0.7 to 1.0. An individual consuming a 50/50
mixture of carbohydrates and fats has an RER of 0.85. In addition to revealing
the source of energy, the RER also relates to the amount of caloric production
per liter of O

 

2

 

.

 

11

 

 Carbohydrates produce 5.047 kcal/liter (21 kJ/L) of O

 

2

 

uptake, while fats only produce 4.686 kcal/liter (19.6 kJ/L) of O

 

2

 

 uptake.
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To measure energy expenditure, the O

 

2

 

 uptake and CO

 

2

 

 production per
minute must be measured.

 

4,6

 

 To accomplish this, six factors must be
known: Inspired volume of air (V

 

I

 

) per minute, inspired percent of O

 

2

 

(F

 

I

 

O

 

2

 

) and CO

 

2

 

 (F

 

I

 

CO

 

2

 

), the expired air volume (V

 

E

 

) per minute, and the
expired percentages of O

 

2

 

 (F

 

E

 

O

 

2

 

) and CO

 

2

 

 (F

 

E

 

CO

 

2

 

). The ventilation, either
V

 

I

 

 or V

 

E

 

, is normally obtained from a gas meter, pneumotach or turbine.
The F

 

I

 

O

 

2

 

 and F

 

I

 

CO

 

2

 

 are known (20.93% and 0.03%, respectively). Either
V

 

I

 

 or V

 

E

 

 must be directly measured. The other volume can be calculated
using the Haldane conversion.

 

6

 

 The F

 

E

 

O

 

2

 

 and F

 

E

 

CO

 

2

 

 are obtained from
monitoring expired air using O

 

2

 

 and CO

 

2

 

 meters. The following formulas
can then be applied to compute the O

 

2

 

 uptake (VO

 

2

 

), CO

 

2

 

 output (VCO2)
and obtain RER:

VO2 = (VI × FIO2) – (VE × FEO2)
VCO2 = (VE × FECO2) – (VI × FICO2)
RER = VCO2/VO2

RER on chart will give kcal/L O2 (as well as percent carbohydrates
and fats)

kcal/min = (kcal/L O2) × VO2 (L/min)
kJ/min = (kcal/min) × 4.186 kJ/kcal

Because barometric pressures, temperatures and relative humidity condi-
tions vary in different locations, measurements of energy expenditure must
be standardized.6 Thus, researchers know that an O2 uptake of 2 L/min in
the desert below sea level is the same as 2 l/min in the high rain forests of
a mountain range. To accomplish this, only the volume of air per minute
need be corrected, because barometric pressure, temperature and relative
humidity affect volume and not the percentage of the gases. The standard
correction factor is to adjust barometric pressure to sea level (760 mmHg),
temperature to 0°C, and relative humidity to 0%. This factor is known by
the acronym STPD: standard temperature, pressure, and dryness.6 Failure
to apply the factor can result in a 7–15% error in the overall calculation of
energy expenditure.

The O2 uptake obtained from the above formulas results in the units of
liters of O2 per minute (L/min). This is considered the absolute VO2. The O2

uptake can also be expressed by taking into consideration body weight;
milliliters of O2 per kilogram body weight per minute (ml/kg/min). This is
considered to be the relative VO2. The absolute VO2 is used to obtain overall
energy expenditure. Individuals with larger muscle mass have larger abso-
lute VO2s. However, when trying to compare individuals of differing sizes,
relative VO2 is the preferred terminology. In 1936, D.B. Dill12 proposed a
system of expressing energy expenditure in increments of resting metabolic
rate. Thus, the origin of the metabolic equivalent (MET). Research has sug-
gested that an O2 uptake of 3.5 ml/kg/min is an average resting value for
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an adult. Thus, the 3.5 ml/kg/min is referred to as one MET.8,13 The MET
has become a popular unit of measure in epidemiological studies of activity.

3. Doubly Labeled Water

Thus far, the methods described for measuring metabolic rate have limita-
tions. They have the potential for precision, but some methods restrict move-
ments while others are limited to gathering information during only minutes
or hours of use. None of the methods relate well to nonsteady-state activity
or very high intensity activity in which CO2 output can become greater than
O2 uptake (anaerobic work). In an attempt to overcome these problems, a
technique using doubly labeled water has been developed.14-17 Doubly
labeled water is an isotope of water in which both the hydrogen and O2 are
tagged, 2H2

18O. The underlying principles of the technique are that the hydro-
gen from the doubly labeled water is eliminated as part of the water and
the O2 is eliminated both as part of the water and CO2 molecule. Because
there is equilibrium between the O2 molecule in the water and the CO2, it is
possible to measure the CO2 production by measuring the hydrogen and O2

isotope in the body’s water.17 The energy expenditure is then computed
based on total body water, daily CO2 output, and isotope turnover in the
urine. Subjects consume a dose of the labeled water. The dose is based on
estimated total body water. The subjects simply go about their activities for
a period of 5–7 days and the isotope turnover in the urine is measured by
high-precision mass spectrometry. The overall error of this method is about
6%; however, considering this is spread over a week, the error is acceptable.17

The doubly labeled water method is based on six assumptions:15,17

1. The volume of water in which the 2H2
18O is diluted is constant.

This is not quite true because eating and drinking behavior is
episodic rather than constant and some individuals are losing or
gaining weight. However, this difference turns out to be less than
a 1–2% error.17

2. The fluxes of water and CO2 are constant. Although this is not true
due to the episodic nature of physical activity, eating and drinking,
once again, the difference appears to be not quantitatively impor-
tant.17

3. The body water compartments act as a single compartment with
respect to the equilibration of isotopes. This assumption has proven
to be controversial as the hydrogen has been noted to be more
rapidly exchangeable than the O2. Some investigators have then
used dilution space correction factor rather than total body water.

4. The rate of tracer efflux exactly represents the rate of tracee efflux.
The model has been adjusted for this.

5. No CO2 or water enters the body through the skin or lungs. Because
the aim is to measure the dietary water intake and CO2 production,
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any additional environmental sources would cause an error. Ciga-
rette smoking can increase CO2 intake, thus inducing a 3–6%
increase in the estimate of energy expenditure. Although some
exchange occurs in a nonsmoking person, once again the error is
quantitatively unimportant.17

6. The food quotient, obtained from dietary intake, is used to estimate
the dietary mix rather than the respiratory exchange ratio. This is
important because the heat production (energy) per unit of CO2

differs by about 30% when comparing carbohydrates and fats. The
use of the food quotient introduces approximately a 3% error. This
assumption does not account for alcohol intake or whether energy
intake differs considerably from energy expenditure. The overall
effect of the inaccuracies of these assumptions is to induce a 2–8%
error depending upon dose and duration of the study.14,16

The major problem of the technique is the expense of equipment necessary
for the isotope and total body water analyses and the expense of the dosages
of 2H2

18O. However, other problems have been reported. For example, Rob-
erts et al.18 completed an interlaboratory comparison using standards con-
taining varying amounts of 2H2 and 18O. They found substantial variability
between laboratories, including some physiologically impossible results. The
differences were attributed to the quality of isotope analyses. Also, Speak-
man et al.19 found that the error for estimating VCO2 from doubly labeled
water was not normally distributed and could result in an error for duplicate
samples of 3–47%. In defense, this error could be reduced considerably by
analyzing the samples in sets of five rather than two. Although these prob-
lems exist, 2H2

18O presently provides our best estimate of free-living energy
expenditure.

C. Indirect Methods of Estimating Energy Expenditure

Because metabolic equipment is costly, requires considerable training to use,
and is difficult to use for normal activities of life, indirect methods have been
used in an attempt to estimate energy expenditure (EE). These methods
include the use of heart rate monitors and motion sensors.

The use of heat rate to estimate EE has been explored because it is a
relatively inexpensive method that allows the individual to be assessed in a
free-living state.20 In addition, it has the potential to provide the pattern of
activity as well as the EE. The use of heart rate monitors to estimate EE
requires planning and calibration. The subject first must undergo testing so
that the resting and maximal heat rates are known, and a heart rate:EE
relationship is developed. This usually requires the use of an ergometer to
introduce the work and a spirometry system to measure the O2 uptake and
compute the EE. The subject then wears a heart rate monitor for a 24-hour
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period. The heart rates are downloaded to a computer and then averaged
in 1- to 15-minute time segments. The average EE during that short time
segment is then estimated by using the previously determined EE:heart rate
relationship and multiplying that by the number of minutes of activity. This
procedure is then used repeatedly and totaled until the entire 24-hour EE is
obtained.

The major problem with this method is that not all heart rate increases are
related to changes in metabolic rate.20-22 Emotional stress and temperature
changes are known to affect heart rate independent of metabolic rate. Thus,
heart rates below 120 are not considered usable to determine EE.22 In addi-
tion, heart rate represents metabolic rate only when a steady state of activity
has occurred. Thus, during anaerobic activities, or activities that have con-
siderable isometric component, in which heart rates are elevated above met-
abolic rate, the use of heart rate can skew the results. Finally, the heart rate
may not be sufficiently sensitive to respond to short-term activities.22 There-
fore, it appears to be impractical to use heart rate to estimate metabolic rate.
However, heart rate can be used to estimate minutes of moderate- to hard-
intensity activities.22

Motion detectors have been used to estimate EE. These can be as simple
as a pedometer or as complex as a three-dimensional accelerometer. Pedom-
eters measure only ambulation and so are of limited value when calculating
EE.22,23 Accelerometers contain a piezoresistive microswitch that responds to
motion. The units are small and usually worn on the hip. Some of these are
designed to respond to movement in a single plane of motion (up–down)
while others have the capability of responding in three dimensions. These
units usually require a computer interface. The investigator enters the sub-
ject’s age, sex, height and weight and resets the unit to zero (initializes the
unit). The subject then wears the unit for a period of time, sometimes even
up to 7 days. The motion counts are then downloaded to a computer. The
accelerometer has a built-in EE prediction equation based on the motion
counts, gender, age, height and weight. The accelerometer output can be
divided up into segments as little as 1 minute, giving the ability to compute
EE during a specific activity, as well as overall EE.

In adults, uni-axial accelerometers appear to slightly overpredict EE during
those activities that involve ambulation, such as level walking or running.13,24

However, they underpredict the energy cost of activities that involve arm
movement or external work, such as stair climbing or hill walking.12,24,25 In
addition, the units are ineffective for measuring EE for activities that do not
involve ambulation, such as swimming, cycling, weight lifting, or any seated
activity. Tri-axial monitors appear to be slightly more accurate, but they still
seem to have the same limitation as the uni-axial models with respect to
evaluating intensity of activity, arm work or non-ambulatory activities.22,26

In addition, the formulas to compute EE were derived from adult data, which
is known to not directly apply to children.27 Thus, motion detectors have a
limited ability to estimate EE.
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One final technique to estimate metabolic rate is stability of weight. If the
weight is stable, then calorie intake equals calorie output. However, this
serves only as a very crude estimate of overall EE.

III. Resting Energy Expenditure

Resting EE can be evaluated from two perspectives: the basal metabolic rate,
or BMR, and the resting metabolic rate, or RMR. The BMR is also referred to
as the basal energy expenditure and is the minimal amount of energy nec-
essary to sustain life. The energy needed to maintain the heartbeat, respira-
tion, cell metabolism, nerve transmission, constant body temperature, etc.
Measuring the BMR requires that the person have no additional physiologic
or psychologic stimulation, such as digestion, excess temperature regulation,
psychological tension, or any form of physical activity or movement.28 It is
usually measured with the person resting supine, after at least 8 hours of
sleep, and at least 12 hours after the last meal or exercise.28 On the other
hand, the RMR or resting energy expenditure (REE), is the EE required to
maintain normal body functions at rest.8,5 The REE is typically measured in
the morning, after a normal night’s sleep, with the individual lying down,
or sitting, in a thermoneutral environment after a 12-hour fast, and not
having exercised for 12 hours. The REE accounts for about two thirds of the
daily EE. Because the two states are relatively close in definition, and because
the difference between the BMR and the REE is less than 10%, both terms
appear to be used interchangeably.26 In fact, Schultz and Jequier5 suggest that
if the REE is measured in a postabsorptive condition, it is the same as BMR.
However, they are really two differing states. True BMR is difficult to mea-
sure precisely and requires more controls than the REE. Therefore, rather
than obtain the BMR, the REE is usually obtained. Both the BMR and the
REE are usually expressed in kilocalories per hour (kcal/h) or kiloJoules per
hour (kJ/h). The rate varies as much as ± 20% from one individual to
another.2,8

A. Measurement of Resting Energy Expenditure

Any of the methods of calorimetry can be used to measure REE. However,
the REE is usually obtained from two 5–7-minute continuous measures of
VO2 and VCO2. In some cases, a single 15-minute collection period is used
with the first 5 minutes of measurement discarded and last 10 minutes of
measurement being averaged to obtain the REE.28 The subject usually
reclines in a supine position for approximately 30–45 minutes in a quiet,
thermoneutral environment, sometimes covered with a light blanket. The
mask or mouthpiece is put into place so that the subject is breathing through
the apparatus during this initial rest period. This reduces any anxiety caused
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by the equipment. The subject is told not to sleep, but to remain fairly still.
At the end of the initial 20–45 minutes of rest, the measurements are made.

The methods for measuring BMR need to be more restrictive to reduce
subject awareness and anxiety and usually involve gas measurements
obtained with the subject inside a transparent hood or using a room calo-
rimeter.5,28 In addition, the BMR measures are usually obtained over a 20–30-
minute period rather than the two 5–7-minute measurements.28

B. Estimating Resting Energy Expenditure

Resting EE can be directly measured. However, the measurement takes con-
siderable equipment, time and knowledge. Thus, methods have been derived
to estimate REE based on indirect measures of weight, height and age. The
simplest method is based on gender. Adult males will use 1.0 kcal/kg/h or
4.186 kJ/kg/h, while females will use 0.9 kcal/kg/h or 3.77 kJ/kg/h.3,29 The
person’s weight (kilograms) is multiplied by the appropriate gender factor
to obtain kcal/h. A variation on this simple method is to multiply the weight
in pounds times ten. These methods are coarse and do not take into consid-
eration age, size, muscle or fat mass, but can serve as an estimate of REE.
Because REE declines with age, the World Health Organization (WHO)
improved upon these simple prediction equations by developing six age-
within-gender prediction equations.29 These WHO equations correlate from
0.60–0.97 with reported direct measurements of REE (Table 9.1). Table 9.2
summarizes and compares the results obtained by using the four different
analytical methods to estimate REE. As is evident from Table 9.2, there is a
greater than 15% difference between methods of estimation and there is no
simple way to determine which formula is most accurate for which person.
Generally, equations based on gender, age, weight and height may be more
accurate, usually within 10–15% of direct measures.3 However, these formu-
las do not take into consideration extremes in muscle or fat mass. Thus, for
the athlete who has larger muscle mass and less fat mass than a normal
individual, the best means for obtaining REE appears to be some method of
direct measurement.

C. Factors Affecting Resting Energy Expenditure

It is important to note that not all calories ingested are usable. The processes
of digestion and absorption, as well as assimilation of substrate in the liver
(proteins, glycogen) after feeding requires energy. This process is about
65–95% efficient, depending upon the type of food.8 Therefore, 5–30% of the
calories are given off in the form of heat.5,30 These heat calories are referred
to as dietary-induced thermogenesis or specific dynamic action (SDA). The
dietary-induced thermogenesis varies by substrate. Carbohydrates increase
REE about 4–5%, while fats increase REE by only about 2%. Conversely,
protein increases REE by 20–30% and ethanol about 22%.2,5 A typical mixed
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meal would increase REE by about 5–10%. Dietary-induced thermogenesis
usually peaks about an hour after eating and, if the meal is high in protein,
the thermogenesis can last for a considerable amount of time (3–5 hours).
The thermogenesis seems to be more dependent upon the feeding pattern
than the total caloric intake, as feeding four meals produces a larger increase

TABLE 9.1

The World Health Organization Equations 
for Estimating Daily Resting Energy 
Expenditure Based on Age, Gender and 
Weight29

Age 
Range

Equation 
Males

Equation 
Females

0-3 (60.9 × wt) – 54 (61.0 × wt) – 51
3-10 (22.7 × wt) + 495 (22.5 × wt) + 499
10-18 (17.5 × wt) + 651 (12.2 × wt) + 746
18-30 (15.3 × wt) + 679 (14.7 × wt) + 496
30-60 (11.6 × wt) + 879 (8.7 × wt) + 829
>60 (13.5 × wt) + 487 (10.5 × wt) + 596

Resting energy expenditure (REE) = kcal/day
wt = weight in kilograms

TABLE 9.2

Examples of Computations Comparing Methods of Estimating Energy Needs

Male: 20 years old Female: 20 years old
Height = 5'10" (1.78 m) Height = 5'5" (1.65 m)
Weight = 154 pounds (70 kg) Weight = 132 pounds (60 kg)

1. REE = 10 x wtlbs REE = 10 x wtlbs

10 × 154 = 1540 kcal/d 10 × 132 = 1320 kcal/d
2. REE = 1.0 kcal/kg/h REE = 0.9 kcal/kg/h

1 × 70 × 24 = 1680 kcal/d 0.9 × 60 × 24 = 1296 kcal/d
3. WHO equations based on age and gender

(15.3 × wt) + 679  (14.7 × wt) + 496
15.3 × 70 + 679 = 1750 kcal/d 14.7 × 60 + 496 = 1378 kcal/d

4. Equations based on gender, weight (wt = kg), height (ht = cm), and age (a = yr).
66.5 + (13.8 × wt) + (5 × ht) – (6.8 × a) 655 + (9.6 × wt) +(1.7 × ht) – (4.7 × a)
66.5 + (13.8 × 70) + (5 × 179) – (6.8 × 20) 655 + (9.6 × 60) + (1.7 × 165) – (4.7 × 20)
66.5 + 966 + 895 – 136 = 1791.5 kcal/d 655 + 576 + 281 – 94 = 1488 kcal/d

Comparison of the results of the four methods:

Method Male Example Female Example

1 1540 kcal/d 1320 kcal/d
2 1680 kcal/d 1296 kcal/d
3 1750 kcal/d 1378 kcal/d
4 1792 kcal/d 1488 kcal/d
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in thermogenesis than feeding one meal of the same caloric content.30 How-
ever, gorging significantly elevates the thermogenesis31,32 but the effect may
not be as significant for obese individuals.33

Research has indicated that individuals who are overweight may have a
blunted thermic effect on food. This is thought to be in some way related to
their body fat.34 However, the blunted effect appears to be relative to body
weight (Kcal/kg or kJ/kg), as many overweight individuals actually have
a greater muscle mass, which can increase the overall thermic effect (absolute
Kcal or kJ). Endurance training may also lower the dietary-induced thermo-
genesis compared with untrained subjects.35,36,37 The reduced thermogenesis
could help conserve energy during periods of intense physical training.
Other factors that may influence dietary-induced thermogenesis include
genetics, caffeine, nicotine and diseases such as diabetes mellitus that affect
insulin.5

The resting EE is directly influenced by the amount of metabolically active
tissue, or lean body mass.5 The National Research Council29 reports that lean
body mass accounts for about 80% of the variance in measuring REE. Failure
to account for lean body mass can result in erroneous results. For example,
publications have reported that the 24-hour EE of highly active subjects was
greater than sedentary controls.38,39 However, when the expenditure reported
was based on lean body mass, the groups were found to be similar.

Although the lean body mass has a major influence on REE, the size of
the individual will modify that relationship. Size is concerned with the height
for a given weight.29 Nutritionists define size using body mass index, a
weight:height ratio (wtkg:htm

2), whereas physiologists use the body surface
area to mass ratio (AD/wt). Regardless of the units, the taller, thinner person
will have a higher REE than the shorter heavier person of the same weight.
This difference is related to the fact that the taller thinner person has more
surface area through which heat is lost. Thus, the tall, lean person must
produce more heat to maintain thermo-balance.

Age is also a significant factor affecting REE (Figure 9.1). The total resting
EE of children is less than adults, generally < 75 kcal/h (314 kJ/h) vs. > 90
kcal/h 377 kJ/h).29 However, expressed per unit of body weight, the expen-
diture of children is more than double that of an adult: 100 kcal/kg (418 kJ/
h) vs. 30–37 kcal/kg (126–155 kJ/h).29 The greater REE is related to growth
and activity patterns. With regard to growth, the EE is quite small during
the first year of life (approximately 1%). However, after that age, growth
accounts for about 5 kcal/g of tissue gained.40 In general, REE declines about
2% per year after growth has stopped.41 Interestingly, lean body mass
declines at a rate of about 2–3% per decade.29 Thus, if the decline in lean
body mass could be avoided, the age-related reduction in REE probably
would not occur.42 However, this age-related decline is actually quite small,
amounting to only about 100–150 calories in 50 years.

Another factor proposed to be associated with REE is gender.29,41 Figure
9.1 illustrates that there is little difference in the REE of boys and girls until
about the age of 10 years. At approximately this time, pubescence starts and
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the body composition of the genders begins to differentiate. The boys con-
tinue to gain in muscle mass, while the girls develop a greater proportion
of body fat. This difference amounts to about a 10% greater REE in adult
males. Thus, in general, women expend about 0.9 kcal/kg body weight/h.
In contrast, men expend about 1 kcal/kg/h. This difference may not be a
true gender difference but related to the greater body fat of females, or,
conversely, to the greater muscle mass of males. This is verified by the fact
that when metabolic rate is expressed per unit of fat-free mass (lean body
weight), the comparative resting metabolic rates between men and women
are very similar.43

Climate can be a factor that modifies REE. Both extremes in temperature
can increase the REE. During acute cold exposure, REE can increase more
than double.44 This increase is a direct result of shivering in an attempt to
maintain core temperature. Likewise, exposure to heat can elevate REE. This
may be related to the increased sweat gland activity and circulatory demands
from the heat. Chronic exposure to heat, as in living in the tropics, can result
in a 5–20% increase in REE.8 The increase is probably related to the adjust-
ments in thermoregulation mentioned above or also possibly to the Q10

effect,2 a general effect in which an elevation of temperature increases the
rate of chemical reactions, including metabolism. Although REE may be
increased during prolonged exposure to heat, the hot environment may
reduce activity and, therefore, reduce overall caloric need.

Climatic effects on REE are relatively minor because most of the exposures
to these extremes are limited in nature. Most humans residing in cooler
climates live in heated, insulated houses or apartments, which reduces pro-
longed cold exposure. Further, the use of high-technology clothing and tex-

FIGURE 9.1
The relationship of age and gender to basal metabolic rate.41 The data is corrected for body
surface area.
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tiles reduces the direct effects of the cold during acute exposures. The same
dwelling that provided insulation from the cold can be equipped with air
conditioning that reduces prolonged exposure to high temperatures. Thus,
climatic influences may be minimal in westernized cultures, but are of impor-
tance for many less developed societies.

The pattern of food intake not only affects the dietary-induced thermo-
genesis, but also can directly affect metabolic rate. Two weeks of overfeeding
by 3000 kcal/d has been shown to increase REE, while 2 weeks of starvation
(500 kcal/d) caused a reduction REE.45 Conversely, dieting or underfeeding
will lower REE and dietary thermogenesis.5

The hormones of thyroxin, epinephrine and insulin increase REE.2,5,8 Thy-
roxin does so by increasing cell mitochondrial activity. Epinephrine increases
metabolic rate via direct effects on glycolysis, as well as increasing muscle,
respiratory and circulatory metabolic demands. Insulin, although primarily
responsible for increasing the storage of glucose as glycogen, also increases
the cellular metabolism of glucose, especially after consuming a meal.

Finally, exercise training appears to have an effect on REE (Figure 9.2). The
effect of training on REE is controversial. Some studies have suggested that
highly trained athletes have a greater REE per unit lean body mass than
sedentary controls,35,3841,46,47 while others disagree.30,37,38,49,50 The disagreement
may be related to differing methodologies that have not controlled for a
carry-over effect of the previous exercise, which can persist up to 12–13 hours
after prolonged strenuous exercise (3–5 h), the thermic effect of subsequent
food intake, or the use of small sample sizes or cross-sectional sam-
ples.5,35,37,38,44,47 Cross-sectional evidence also suggests that highly active
males, world class endurance athletes, have a higher REE per unit lean body
mass than moderately trained individuals.48 At the other end of the spectrum,
a 10-week exercise program in lean, initially sedentary females resulted in
an elevation in REE.51 Also, Trembley et al.47 have shown that, in obese
individuals, an 11-week training program increases the REE per unit of fat-
free mass by approximately 8%. Thus, there is accumulating longitudinal
data to support an increased REE with aerobic training. Also, the trained
individuals usually have more lean body mass at a given weight, thus
increasing absolute REE.5

IV. Energy for Work and Sport

The EE of daily life is greater than the REE and is dependent upon lifestyle
and occupation. A typical sedentary adult (e.g., a receptionist) will need
140% of REE. A teacher will need 160% of REE, a nurse about 170% of REE,
while a physical laborer (bricklayer) will need up to twice the REE.3,29 This
does not include the amount of exercise needed for an exercise program.
Thus, EE during exercise needs to be superimposed on this daily need. For
an adult who exercises about 30–45 minutes a day, the additional energy
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demand will amount to only about 10–14% of the total caloric expenditure.
However, for the athlete that exercises 3-5 hours a day the energy demand
of the exercise alone can be greater than the total allowance for REE plus
lifestyle needs. Table 9.3 summarizes the estimated additional energy needs
of individuals training for specific sports.52 These estimated energy needs
should not be taken as absolutes, only as examples of additional caloric
needs. Note that some sports, like recreational basketball, may require only
slightly more than normal amounts of energy, while others, like the Tour de
France cycle race, can require an enormous amount of additional energy.
The actual energy demand of the exercise is based on the intensity and
duration of the exercise. The type of activity and weight of the individual
must also be taken into consideration (Table 9.4). The energy demands of
activities that are weight bearing will be directly related to the weight
whereas activities that are nonweight bearing, like bicycling, require fewer
increments of energy as the individual’s weight increases.53 Thus, an obese
person who wants to increase energy use is better off walking than riding a
bicycle. In addition, the obese person actually utilizes more energy to walk
at a given speed than a nonobese person. Conversely, the obese person riding
a bicycle at the same speed uses just slightly more energy than a lean
person.

A. Measurement of EE During Activity

EE during activity is usually measured by open-circuit spirometry. As pre-
viously mentioned, a computerized system appears to work best. Some of
these systems are stationary and will work only with activities in which the
participant strays little from the measurement device. Such systems have

FIGURE 9.2
The effect of exercise training on the basal metabolic rate. The data presented with respect to
lean body mass is a compilation of a number of studies.35,37,47,48, 49,50 The open diamond (◊)
represents the mean response for all studies in that group.
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been used to measure energy cost of walking and running on treadmills,
cycling on cycle ergometers, swimming using a swimming ergometer, row-
ing using a rowing ergometer, stair stepping using an escalator-type or step
ergometer, or arm cranking using an arm ergometer. The treadmill allows
the subject to walk or run at a specific pace while maintaining a central
location. Thus, the subject is easily attached to the spirometry system.
Although the treadmill simulates ambulation, it is not quite the same as
normal walking or running. Studies have shown that there are differences
in air resistance between treadmill and normal ambulation that may decrease
the energy cost of ambulation on treadmill.54,55 The same is true for cycle
ergometers, they eliminate air resistance; however, the ergometer also elim-
inates the friction of the tires on the riding surface. With swimming and
rowing ergometers, the problem is that they eliminate water resistance (drag
forces, frontal resistance, and skin or surface friction).56 Water resistance is
considerable; therefore, the use of these ergometers may underestimate the
true EE with these activities.

The bag technique of open-circuit spirometry has been used to measure O2

uptake during ergometry work, as well as during actual cycling, swimming,

TABLE 9.3

Estimates of the Energy Needs of Various Sports52

Sport 
Additional 

Caloric Needs 
Average Daily 
Caloric Intake

Basketball 300 2200
Dancers 1000 1500
Gymnasts 1400 1400
Football 2100 4000–5300
Runners (men) 1000 4400
Runners (women) 500 2397
Swimmers 500 2900
Tour de France 4000 6700
Triathletes 15-2000 4095
Wrestlers 200-1000 Varies with weight
Weightlifters 28-4600 3200-4700

TABLE 9.4

A Comparison of the Caloric Demands of Weight-Bearing (Running) and 
Nonweight-Bearing (Bicycling) Activities8

Body Weight 
Running 

~ 6 mph (9.6 km/h) kcal/min
~ Bicycling

~ 9 mph (14.5 km/h) kcal/min

110 lbs (50 Kg) 9.7 5.0
130 lbs (59 Kg) 11.4 5.9
150 lbs (68 Kg) 13.1 6.8
170 lbs (77 Kg) 14.9 7.7
190 lbs (86 Kg) 16.6 8.6
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rope skipping or household chores. Because the expired air bag is connected
to the subject by a breathing tube, this technique requires that the researcher
move with the subject, yet not impede any subject movements. In addition,
the subject usually has to wear a mouthpiece and support the breathing tube
during the collection period. The weight of the breathing tubing, breathing
valve, and mouthpiece can be uncomfortable for the subject or cause additional
effort to be expended to support the apparatus and maintain the mouthpiece
in the mouth. Finally, the bags are typically not totally impermeable to gas
exchange. Therefore, if a bag is used for a prolonged period of time (longer
than 10–15 minutes), gases may diffuse and the results can be unreliable.
Therefore, bag measurements are usually taken over periods of time lasting
less than 10 minutes and the contents measured as quickly as possible at the
end of the collection period. The bag method can be used successfully, but
takes preparation, training, and good timing to obtain accurate data.6,8

The use of miniaturized portable systems has revolutionized our ability
to obtain EE data during activities. The new systems are sufficiently small
to be worn during activity, providing little impairment of motion and little
additional weight. The systems have been used to measure EE of household
chores, basketball, tennis, road cycling, and kayaking, among other activities.
Some of these systems include a fairly good-sized memory or telemetry,
which allows the investigator to obtain real-time data without being tethered
to the subject.

Although these systems have proven to be accurate, there are some minor
problems. The additional weight of the apparatus, usually about 1 kg, can
increase the energy cost of the activities. The impact of the additional weight
on an adult is negligible, because the system’s weight may represent only <
2% of the body weight; however, for a child, the weight of the system can
have a significant impact on the energy cost of the activity. It is also important
that the systems be securely attached to the subject. If not, the system can
impede motion, which will modify the energy cost. Most of these systems
require that the subject wear a mask to measure expired gases, rather than
the cumbersome breathing valve and mouthpiece. An improperly fitting
mask can result in air leaks that can modify both the measured volume of
air and the fractions of expired gases. Experience has also shown that the
systems may lose their ability to function via telemetry if they are near an
electric field such as a video display. Proper consideration and planning can
eliminate these problems and allow the investigator to obtain accurate data.

V. Estimating Daily Energy Expenditure

The total daily EE can be estimated by summing the REE, the daily activity
factor, and the exercise program. For example, a 20-year-old woman who
weighs 132 pounds (60 kg), works as a receptionist and takes a 45-minute
aerobics class 5 days a week would have an REE of 1296 kcal/24 h (60 kg ×
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0.9 kcal/kg/h × 24 h). Her daily activity would be an additional 390 kcal
(REE × 30%). The aerobic program would expend about 275 kcals (6.1 kcal/
min × 45 min). Thus, on the days she exercises, her total EE amounts to 1961
kcal (1296 + 390 + 275), while her nonexercising days expend 1686 kcal (1296
+ 390).

VI. Summary

The measurement of EE is a complex process that can be completed by several
methods. Early studies employed direct calorimetry in which people were
placed in a closed chamber and their heat production was directly measured.
This method was based on the fact that the catabolism of substrate to produce
energy directly results in the production of heat. Because direct calorimetry
confines the movement of the subject, attempts have been made to develop
portable systems. However, these systems are expensive and cumbersome,
and still do not allow people to proceed with the activities of life. These
limitations have led to the development of indirect calorimetry methods.
These methods are based on the fact that the production of heat requires the
use of O2 and the production of CO2. Therefore, measuring the O2 uptake and
CO2 production will allow the investigator to compute the energy use. Indi-
rect calorimetry has evolved to the point where systems are sufficiently small
that subjects can exercise unimpeded, and metabolic measurements can occur.
However, indirect calorimetry has a limited capacity to obtain data and has
therefore been used mostly for measurements during short periods of time
(e.g. minutes, hours). These indirect methods are not appropriate to obtain a
measure of EE over a period of days. To overcome this limitation, a double-
isotope method using 2H2

18O has been developed. This method is most appli-
cable when measuring overall (total) EE over days; however, it will not work
to measure the specific energy cost a given activity. Thus, it appears that
indirect calorimetry is best for measuring specific activities, while the doubly
labeled water is best to estimate overall daily energy use.

The resting EE (REE) can be defined as the minimal amount of energy
necessary to sustain the human organism in a conscious resting state. The
REE makes up about two thirds of daily EE. In general, the REE is dependent
upon the amount of metabolically active tissue — lean body mass. However,
other factors such as age, gender, size, climate, caloric intake, hormones, and
exercise training will modify the REE. The amount of heat formed is depen-
dent upon the substrate being digested, with protein producing more ther-
mogenesis than either fats or carbohydrates. This dietary-induced
thermogenesis is affected by the pattern of eating, the physical condition of
the individual, and obesity.

Resting EE can be measured by a variety of means ranging from room
calorimeters to simply measuring O2 uptake (VO2), which, using a mask,
hood, or even a whole room, is the simplest means for obtaining an estimate
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of the EE. On the other hand, the measurement of EE during activity can be
either quite simple or very complex depending upon the movements of the
activity. At present, the best methods are through the use of portable, indirect
calorimetry units. However, the measurement of EE from O2 uptake requires
that the activity can be completed in an aerobic state using fairly low- to
moderate-intensity activities. Currently, we have a limited capability to mea-
sure energy cost of very high-intensity exercise, which results in the produc-
tion of considerable lactic acid.

Ultimately, to compute the individual daily EE, three factors must be
summed: 1) the REE for the 24-hr period, 2) the EE based on lifestyle (work
or school), and 3) the EE from any exercise program.
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I. Introduction

 

Regular, moderate to high-intensity physical activity confers substantial
health-related

 

1

 

 and performance-related

 

2

 

 benefits. The specific activity-
related physiologic adaptations and the degree to which these adaptations
occur is dependent on the interaction of the frequency, duration and intensity
of the activity being performed.

 

3

 

 This interaction is often quantified as
“

 

energy expenditure

 

” (EE). It should be noted that total daily EE is the sum
of energy expended at rest (resting metabolic rate), while eating and digest-
ing a meal (thermic effect of food), during and after bouts of physical activity
(activity-related EE).

 

4

 

 However, although resting metabolic rate may account
for the largest percentage of total daily EE (~55–70%), differences in physical
activity-related EE represent the largest source of variability in the energy
requirements of a given individual as well as among groups of individuals.

 

4

 

A recent position statement on nutrition and athletic performance empha-
sized the relation between energy intake and activity-related EE to enhance
athletic performance, maintain total and lean body mass, govern metabolic
and endocrine factors associated with the regulation of energy stores and to
enhance recovery between exercise bouts.

 

5

 

To appropriately match athletes’ energy intake with their EE, valid mea-
sures are needed to precisely quantify and track physical activity and exer-
cise patterns and their associated energy costs. Because physical activity is
a complex multidimensional behavior, precise measurement remains a chal-
lenge for researchers and practitioners, especially among free-living individ-
uals.

 

6,7

 

 Feasibility considerations both in terms of expense and administrative
burden result in the need for low-cost reliable indirect methods of assessing
activity-related EE as part of a holistic approach to meeting the energy
requirements of athletes. The objective of this chapter is to review current
methods used to quantify free-living physical activity-related EE. First,
important terminology will be introduced as an entree to the presentation
of a conceptual framework that will guide the discussion on measuring
physical activity and EE. Following will be a discussion of measurement
techniques with an emphasis on field methods that can be used to assess
activity-related EE among athletic populations.

 

II. Definitions

 

Before a specified construct (e.g., cardiorespiratory fitness) can be operation-
alized into a measurable variable (e.g., maximal oxygen consumption, V
O

 

2max

 

, measured in units of mL 

 

· 

 

O

 

2

 

 

 

· 

 

kg

 

–1

 

 

 

· 

 

min

 

–1

 

) for research or exercise
training purposes, precise conceptual definitions must be established for the
construct of interest.

 

8

 

 Conceptually different terms pertaining to the mea-
surement of physical activity and EE have often been used interchangeably
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by researchers and practitioners. This has resulted in confusion, inconsistent
study designs, limitations to interstudy comparisons and a lack of standard-
ized measurement practices.

 

3,9,10

 

 Attempts to standardize terminology have
been made.

 

10,11

 

 These efforts were aimed at developing a universal frame-
work from which definitions can be drawn to aid in operationalizing con-
structs into measurable study variables and within which more precise data
interpretations and comparisons can be made among studies that relate
physical activity to health or performance variables. Table 10.1 presents
several definitions of terms related to the measurement of physical activity
and EE.

It is important to recognize that physical activity and EE are not synony-
mous terms. Physical activity is a behavioral process characterizing body
movement that results from skeletal muscle contraction, of which a product
is EE.

 

7

 

 Several types or categories of physical activity exist (Figure 10.1) and
likely overlap to some extent, depending on an individual’s purpose for
performing the activity. For example, a brisk walk to and from the store may
be a form of transportation for one individual, whereas the same brisk walk
may be part of a planned exercise program aimed at managing blood pres-
sure for another. Exercise training and competitive sport compose a subcat-
egory of physical activity that is systematically structured for the primary
objective of enhancing one or more dimension of physical fitness or sport-
specific skills to optimize an individual’s sport-related performance. Because
the subcategories of physical activity overlap, they are very difficult to mea-
sure as independent categories.

 

9

 

 Additional categorization of physical activ-
ities can be based on the intensity or rate of EE attributed to a specific
activity.

 

12-15

 

 Activities can be self-rated as 

 

light

 

, 

 

moderate

 

, or 

 

vigorous

 

 inten-
sity,

 

16

 

 or activities can be described according to objective published intensity
categories.

 

12-15

 

 Hence, physical activity may be classified by purpose, such
as sports, occupation and home care, or by intensity, as in light, moderate
and vigorous. Seasonal and day-to-day intra-individual variation in physical
activity patterns

 

17–19

 

 and discordance between self-rated and actual activity
intensity

 

16,20

 

 have been shown to affect the precision of measuring activity
and EE. Further, because the subcategories of physical activity have different
meanings according to sex, race-ethnicity and cultural perspectives,

 

21,22

 

 self-
report activity instruments must reflect the specific demographics and life-
style of the targeted population. Accordingly, these issues should be consid-
ered when choosing a method of assessing physical activity and its related
EE. It is critical to consider all sources of daily habitual physical activity to
precisely quantify activity-related EE to accurately meet an individual’s
energy requirements.

Physical activity is typically quantified in terms of its frequency (number
of bouts) and its duration (e.g., minutes per bout). The resulting EE is a direct
function of all metabolic processes involved with the exchange of energy
required to support the skeletal muscle contraction associated with a given
physical activity. Energy expenditure reflects the intensity or metabolic cost
of a given physical activity and is a product of the frequency, duration and
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energy cost of the specific activity. For example, if a 55 kg female runner
completes a 45-minute tempo run at a 6-min/mile pace (4 min/km), her EE
would be about 660 kcal based on the following computation: frequency (1)

 

×

 

 duration (45 min) 

 

×

 

 the energy cost of running a 6-min/mile pace (~ 0.267
kcal 

 

· 

 

kg

 

–1

 

 

 

· 

 

min

 

–1

 

).

 

 23

 

 The previous calculation determined the 

 

gross

 

 EE for

 

TABLE 10.1

 

Definitions of Terms Related to the Measurement of Energy Expenditure and 

 

Physical Activity

 

Energy The capacity to do work.
Energy Expenditure The exchange of energy required to perform biological work.
Physical Activity Bodily movement that is produced by the contraction of skeletal 

muscle and that substantially increases energy expenditure.
Physical Fitness A set of attributes (e.g., muscle strength and endurance, 

cardiorespiratory fitness, flexibility, etc.) that people have to 
achieve that relate to the ability to perform physical activity.

Exercise Planned, structured, and repetitive bodily movement done to 
improve or maintain one or more components of physical fitness. 
Exercise is a specific sub-category of physical activity.

Calorimetry Methods used to calculate the rate and quantity of energy 
expenditure when the body is at rest and during physical activity.

Calorie A unit of energy that reflects the amount of heat required to raise 
the temperature of 1 gram of water by 1˚C.

Kilocalories (kcal) 1,000 calories, 4.184 kilojoules.
Kilojoules (kJ) The unit of energy in the International System of Units. 1,000 

Joules, 0.238 kcal.
Metabolic Equivalent 
(MET)

A unit used to estimate the metabolic cost (oxygen consumption) 
of physical activity. One MET equals the resting metabolic rate of 
approximately 3.5 ml O

 

2

 

·kg

 

–1

 

·min

 

–1

 

, or, 1 kcal·kg

 

–1

 

·hr

 

–1

 

.
Duration The dimension of physical activity referring to the amount of time 

an activity is performed.
Frequency The dimension of physical activity referring to how often an 

activity is performed.
Intensity The dimension of physical activity referring to the rate of energy 

expenditure while the activity is performed.
Hours/Minutes Typical units of time used in quantifying the rate of energy 

expenditure or the period of physical activity measurement (e.g., 
kcal per minute or kcal·min–

 

1

 

).
MET-minutes The rate of energy expenditure expressed as METS per minute, 

which is calculated by multiplying the minutes a specific activity 
is performed by the corresponding energy cost of the activity.

MET-hours The rate of energy expenditure expressed as METS per hour, which 
is calculated by multiplying the hours a specific activity is 
performed by the corresponding energy cost of the activity.

Unitless Indices A unitless number that is computed as an ordinal measure of 
physical activity or energy expenditure.

Dose-Response A relationship where increasing levels or “doses” of physical 
activity result in corresponding changes in the expected levels of 
the defined health parameter.

 

Sources: Brooks, Fahey, and White, 1996, pp.15-25 [28]; Caspersen, Powell, and Christenson,
1985 [30]; Corbin, PangraZi & Franks, 2000 [33]; Montoye, Kemper, Saris, and Washburn,
1996, pp. 3-14 [68].
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running 45 minutes at a 6-min/mile pace (4 min/km). This value, however,
reflects both the activity-related and resting EE.

 

24

 

 To account for only the
energy expended during the running activity, one must compute the 

 

net

 

 EE.
To do so, the amount of energy assumed to be expended to sustain resting
metabolic functions within the specified activity duration must be subtracted
from the gross EE. A 55 kg individual has a resting EE of about 55 kcal 

 

· 

 

hr

 

–1

 

or 0.92 kcal 

 

· 

 

min

 

–1

 

. Therefore, the amount of energy expended within the
45-min running bout attributed to resting metabolism would be about 41.2
kcal (0.92 

 

×

 

 45). After subtracting this value from the previously computed
gross EE of 660 kcal, a net EE of about 619 kcal would be attributed to the
45 minutes of running activity. Net EE should be used when comparing the
energy cost of one activity to another and when comparing activity-related
EEs between individuals.

 

24

 

Another important consideration pertaining to quantifying activity-related
EE is the use of absolute vs. relative scales to index the energy cost of specific
activities. Although several factors may influence EE on a relative scale (e.g.,
age, body size, fitness level), if one assumes a fairly constant human mechan-
ical efficiency to perform physical work (~23%),

 

25

 

 then absolute EE is gen-
erally constant for a given activity. Therefore, it is possible to standardize
methods of assigning energy costs to specific activities for the purpose of
assessing activity-related EE among large populations of free-living individ-
uals. Factors such as age, sex and fitness level will undoubtedly influence
the precision by which a standardized activity-specific absolute energy cost
reflects a given individual’s relative intensity level (e.g., percentage of actual
maximal capacity).

 

26

 

 For example, a 3.5-mph (5.6 km/hr) walk carries an
absolute energy cost of 3.8 kcal 

 

· 

 

kg

 

–1

 

 

 

· 

 

hr

 

–1

 

.

 

13

 

 For a young healthy individual
with a maximal capacity of about 12 kcal 

 

· 

 

kg

 

–1

 

 

 

· 

 

hr

 

–1

 

 the relative intensity is
about 32% of maximal capacity; whereas, for an older individual with a
maximal capacity of 7 kcal 

 

· 

 

kg

 

–1

 

 

 

· 

 

hr

 

–1

 

 the relative intensity is about 55%.
The issue of absolute vs. relative intensity is probably more important when
prescribing exercise or when categorizing individuals into intensity-specific
levels of activity (e.g., moderately vs. vigorously active). Feasibility consid-

 

FIGURE10.1

 

Physical activity and its related subcategories.

PHYSICAL ACTIVITY

Occupational
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House & Family
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erations related to individualized measures of relative EE limit assessment
methods among large free-living populations to the use of absolute energy
cost scales. However, because EE is closely related to body size, it is essential
to account for this factor when quantifying activity-related EE.

 

27

 

 It is there-
fore preferable to express EE per unit of body mass, for example, as kcal per
kilogram of body mass per minute (kcal 

 

· 

 

kg

 

–1

 

 

 

· 

 

min

 

–1

 

). Returning to the 55
kg female runner who completes a 45-minute run at a 6-min/mile pace (4
min/km), the absolute net EE was 619 kcal, whereas the net EE relative to
this individual’s body mass would be about 11.25 kcal 

 

· 

 

kg

 

–1 

 

during the 45-
minute bout of running activity. A 75 kg runner who completes the same
running task would have an absolute net EE of 844.75 kcal, but when
expressed per kg of body weight, the EE is the same (11.26 kcal 

 

· 

 

kg

 

–1

 

) as
that computed for the lighter runner.

An alternative unit of quantifying activity-related EE is the metabolic
equivalent, or MET.

 

12

 

 The MET represents the ratio of work to resting
metabolic rate.

 

27

 

 It is accepted that resting EE is approximately 1 MET,
which is equivalent to 3.5 mL O

 

2

 

 

 

· 

 

kg

 

–1

 

 

 

· 

 

min

 

–1

 

, or about 1 kcal 

 

· 

 

kg

 

–1

 

 

 

· 

 

hr

 

–1

 

.

 

27

 

To compute the MET level of a given physical activity, multiply by the
duration (e.g., minutes) for which the activity was performed. This results
in the MET-minute. This index quantifies the rate at which energy is
expended for the duration an activity is performed, while accounting
simultaneously for body size and resting metabolism.

 

12,28,29

 

 To standardize
the quantification of EE and reduce potential sources of extraneous varia-
tion in physical activity research, a systematic approach to assigning MET
levels of EE to specific physical activities has been published.

 

12,13

 

 The 

 

Com-
pendium of Physical Activities

 

12,13

 

 provides researchers and practitioners with
a standardized linkage between specific activities, their purpose and their
estimated energy cost expressed in METs. A sample entry from the Com-
pendium is listed below:

Column 1 shows a five-digit code that indexes the general class or purpose
of the activity. In this example, 12 refers to running and 120 refers specifically
to running a 6 min/mile (4 min/km) pace. Column 2 shows the energy cost
of the activity in METs. Columns 3 and 4 show the type of activity (running)
and a specific example related with the activity code.

Much of the original work to standardize the energy cost of physical
activity was calibrated for a 60 kg person.

 

12

 

 Therefore, the conversion
between MET minutes and kcal of EE is approximated by multiplying MET
minutes by the quotient of an individual’s body mass divided by 60.

 

12

 

 For
a 60 kg person, MET minutes is equivalent to kcal; for persons who weigh
more than 60 kg, the caloric equivalent will be slightly higher and, for those
weighing less than 60 kg, the caloric equivalent will be slightly lower than

 

CODE MET ACTIVITY EXAMPLES

 

12120 16 Running running, 10 mph (6 min/mile)

 

0927_C10_frame  Page 230  Thursday, March 21, 2002  3:03 PM



 

Field Assessment of Physical Activity and Energy Expenditure

 

231

the MET-minute value. The caloric equivalent of 150 MET-minutes of walk-
ing for a 70 kg person is about 75 kcal, for a 60 kg person the caloric
equivalent is about 150 kcal and for a 50 kg person, about 125 kcal. Returning
to the 55 kg runner, completing the 45-min bout of running at 6-min/mile
(4 min/km) pace would result in 720 MET-minutes (16 MET activity 

 

×

 

 45
minutes), or 660 kcal (720 MET-min 

 

×

 

 [55/60]).
Defining and standardizing terms associated with physical activity

measurement is a critical step in reducing unwanted sources of variation
and producing unbiased estimates of activity-related EE.

 

12,13,27,28

 

 It should
be apparent from the previous discussion that, although the use of a
standardized compendium to index activity-specific energy costs results
in potentially large differences between individuals in terms of absolute
net EE, after accounting for body size, EE estimates for a given activity
are quite small. The 

 

Compendium of Physical Activities

 

 may not resolve
every issue related with individual vs. population-based assessment of
activity-related EE. It does, however, provide a standardized measure-
ment method for use in research and practical settings, which should
enhance the consistency of EE assessment in terms of precision and
reproducibility.

 

III. Conceptual Framework for Quantifying 
Energy Expenditure

 

To incorporate the terminology described above into a framework that can
guide the measurement of EE under laboratory and field conditions, it could
be argued that the construct of interest within the activity-EE measurement
paradigm might best be defined as “

 

movement

 

.” Movement can be opera-
tionalized into two measurable variables: physical activity (a behavior) and
EE (the energy cost of the behavior) (Figure 10.2). Direct and indirect mea-
sures exist for both physical activity and EE. However, because researchers
and practitioners are ultimately interested in matching energy intake with
EE, researchers typically extrapolate activity measures to units of EE prior
to evaluating potential effects on energy balance. Energy expenditure is often
estimated from physical activity questionnaires or other indirect measures
that reflect patterns of activities in various settings. Indirect measures of
activity or EE may provide acceptable estimates of actual EE, depending on
the degree of concordance with more direct measures of EE. Following is a
review of methods to assess physical activity and EE, with emphasis placed
on direct and indirect techniques that can be used to quantify EE among
free-living athletic populations. Laboratory-based methods for assessing
physical activity and EE are covered elsewhere in this volume. Comprehen-
sive reviews of free-living and laboratory methods used to assess activity-
related EE can be found elsewhere. 

 

6,7,27,30-32
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IV. Methods of Assessing Physical Activity and 
Energy Expenditure

 

The primary objective of measuring activity-related EE is to obtain a reliable
and accurate estimate of the energy cost for a given activity or series of
activities. The EE score can then be applied within the context of designing
and tracking exercise training and nutrition programs to optimize athletic
performance (e.g., endurance, power, muscular strength). The practical
application of linking physical activity and EE is predicated upon precise
measures of both variables. Several direct and indirect methods exist to
assess physical activity and EE in laboratory and field settings.

 

6,7,9,27

 

 Table
10.2 lists the most common measurement techniques.

Direct measures of physical activity include the use of physical activity
records, logs, 24-hour recalls and mechanical or electronic motion sensors to
obtain detailed information pertaining to the frequency, duration and pattern
of physical activities performed over a defined observation period. Indirect
physical activity measures involve the use of questionnaires that require
respondents to recall their usual activity habits during a period in the far or
recent past. Indirect methods typically provide less detail than direct physical
activity measures, but offer substantially less administrative burden and cost.

 

FIGURE 10.2

 

Conceptual framework for defining and assessing physical activity and energy expenditure.
Adapted with permission from M.J. LaMonte and B.E. Ainsworth, Quantification of Energy
Expenditure and Physical Activity in the Context of Dose Response, 

 

Med. Sci. Sports Exerc

 

. 2001;
33(6 suppl): 5370–5378.
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Precise measures of EE are difficult without the use of expensive laboratory
procedures involving metabolic chambers or radioactive isotope tracers 

 

6,27

 

.
Activity-related EE can be estimated indirectly from field measures of phys-
iologic variables or physical activity,

 

7,9

 

 however, indirect assessment of EE
(e.g., motion sensors, heart rate) has yet to be refined for application outside
the context of controlled research settings.

 

A. Measuring Energy Expenditure

 

The complex biochemical processes that drive the transfer of metabolic
energy required for skeletal muscle contraction during physical activity

 

TABLE 10.2

 

Methods of Assessing Physical Activity and Energy Expenditure

 

Dimension 
Measured Units

Technical/
Administrative 

Burden

 

Direct Measures

 

Observation Physical Activity Frequency, Duration, 
Type

Moderate

Room Calorimetry Energy Expenditure kcal of heat production High
Doubly Labeled Water Energy Expenditure kcal from CO2 

production
High

Biochemical Forces Energy Expenditure kcal from 
.
VO2 – force 

curves
High

Acceleration Vectors 
(e.g., Accelerometry)

Physical Activity Frequency, Duration

Energy Expenditure kcal, METs from
.
VO2 

regressions
Moderate

Motion Sensors (e.g., 
Pedometry)

PA Records or Diaries, 
Recall Interviews

Physical Activity Frequency, Duration, 
Type

High

Energy Expenditure kcal, METs from 
Compendium of 
Physical Activities 
[ref 9]

High

Indirect Measures
Indirect Calorimetry Energy Expenditure kcal, METs from CO2 

production
High

Physiologic Measures 
(e.g., Heart Rate)

Energy Expenditure kcal, METs from 
relation with

.
VO2

Moderate

PA Surveys or 
Questionnaires

Physical Activity Frequency, Duration, 
Type

Low

Energy Expenditure kcal, METs from 
Compendium of 
Physical Activities 
[ref 12,13]

Surrogate Reports 
(e.g., Energy Intake)

Energy Expenditure kcal, assumes weight 
stable

Low
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result in a large amount of heat energy.33 The rate of heat production is
directly proportional to the net activity-related EE, therefore, EE can be
precisely quantified by measuring body heat at rest or during exercise.34 The
oxidation of food substrate is a primary source of energy production at rest,
during and following physical activity. Therefore, activity-related EE can be
estimated by measuring the fractional concentrations of expired CO2 and O2

during physical activity and calculating EE based on some assumptions
about the energy cost of substrate oxidation.34 Laboratory methods for direct
measures of heat production (e.g., room calorimetry) and ventilatory gas
exchange (e.g., indirect calorimetry) have been described elsewhere in this
volume. Following is an overview of field methods used to assess activity-
related EE in a variety of settings.

1. Direct Measures of Energy Expenditure

a. Doubly Labeled Water (DLW)

Energy expenditure estimated from DLW is based on the rate of metabolic
carbon dioxide production (V

.
CO2 ).35,36 The DLW solution consists of the

stable water isotopes 2H2O and H2
18O and is administered according to body

size. Urinary isotope excretion is tracked using an isotope-ratio mass spec-
trometer prior to dosing, shortly after dosing and over several days there-
after. Labeled hydrogen (2H2O) is excreted as water alone, while labeled
oxygen (H2

18O) is lost as water and CO2 (C18O2) through the carbonic anhy-
drase system. The difference in the isotope turnover rates provides a
measure of metabolic V

.
CO2.36 Oxygen uptake (V

.
O2 ) and total body EE are

extrapolated from measured V
.

CO2 and an estimate of the respiratory quo-
tient (RQ) based on established equations.37 Under steady-state conditions,
RQ reflects the relative percentage of carbohydrate and fat oxidation and is
calculated as V

.
CO2/V

.
O2. Inherent error will exist in DLW EE estimates

when RQ is estimated and when measurements are made under non-steady-
state conditions such as exercise.27

Differences in EE estimates between DLW and indirect calorimetry measures
have been as high as 20%.38-41 Discrepancies between DLW and indirect calo-
rimetry may reflect a greater amount of activity-related EE under free-living
conditions than can be simulated and measured under controlled laboratory
conditions. Although DLW provides precise estimates of free-living EE over
prolonged periods (e.g., weeks), this technique is limited to studies of total EE
and does not differentiate the duration, frequency or intensity of specific
physical activity. A “physical activity level” index (PAL) has been computed
as the DLW total daily EE divided by measured or estimated resting metabolic
rate.42 However, the lack of information as to the type, duration and frequency
of activities resulting in the expended energy, as well potential errors with
estimating resting metabolic rate, challenge the utility of the PAL. The expense
of the isotopes and mass spectrometry analysis may limit this method of
assessing EE exclusively to research settings.
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b. Labeled Bicarbonate

The labeled bicarbonate (NaH14CO3) method is very similar to DLW and has
been used to measure free-living total daily EE over shorter observation
periods (e.g., days) than in studies of DLW.43 A known amount of isotope is
infused at a constant rate that will eventually be diluted by the body’s CO2

pool. Labeled carbons are recovered from expired air, blood, urine or saliva.
Metabolic V

.
CO2, is determined from the degree to which the isotope was

diluted. Total EE can be calculated from V
.

CO2 based on assumptions made
about RQ. Controlled experimental studies of this method have demon-
strated EE estimates within < 6% of that measured in a respiratory cham-
ber.43,44 Labeled bicarbonate measures of EE are limited by similar concerns
as described for the DLW method.

2. Indirect Measures of Energy Expenditure

a. Oxygen Uptake

Activity-related EE measured with indirect calorimetry procedures is based
on assumed relations between oxygen uptake and the caloric cost of substrate
oxidation.27,33,34 Based on the gas concentrations and volume of expired air,
rates of carbon dioxide production (V

.
CO2) and oxygen uptake (V

.
O2 ) can

be determined. RQ is typically estimated by the respiratory exchange ratio
(RER) as V

.
CO2/V

.
O2. Then, V

.
O2 and RQ can be used to estimate EE in kcal

according Weir’s equation:45

Equation 1: EE (kcal) = V
.
O2 (3.9 + 1.1 RQ).

Differences between actual and estimated RQ can result because of unre-
liable assumptions regarding the caloric cost of specific substrate oxidation,
bicarbonate buffering of metabolic CO2 during exercise and post-exercise
oxygen consumption kinetics. Therefore, measured RQ, which involves uri-
nary nitrogen collection,34 is required for precise estimates of activity-related
EE using indirect calorimetry methods.

It is likely that free-living activity patterns are altered during laboratory
simulations, methods for performing indirect calorimetry outside the labo-
ratory setting. These techniques are based on the same principles described
above and utilize small, portable indirect calorimeters that integrate O2 and
CO2 analyzers, a ventilation flow-volume meter and a microcomputer to
process expired air collected through a fitted hood, face mask or mouth-
piece.46 Devices such as the Cosmed K4b2 have allowed for field assessment
of V

.
O2 and thus, measures of gross activity-related EE during a variety of

free-living activities.47,48 Cost issues, the necessity of wearing cumbersome
and obtrusive instrumentation, the potential for altered patterns of physical
activity and lack of testing under a variety of field settings, limit the useful-
ness of this approach to measuring free-living activity-related EE outside of
the research setting.
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b. Heart Rate (HR)

Activity-related EE has been estimated from HR based on the assumption
of a strong linear relation between HR and V

.
O2.49,50 However, variation in

the HR-V
.

O2 relationship during low and very high-intensity PA and con-
siderable between-person HR-V

.
O2 variability,51,52 have led some researchers

to recommend using individual HR-V
.

O2 calibration curves to estimate activ-
ity-related EE.52,53 One such method requires establishing a heart rate
“threshold” prior to estimating activity-related EE from the HR-V

.
O2 calibra-

tion curve.54 This threshold is referred to as the “FLEX HR” and is determined
from laboratory-based indirect calorimetry studies at various work intensi-
ties. Activities eliciting an HR below the FLEX HR are assigned an activity-
related energy cost based on resting EE. Activities eliciting an HR above the
FLEX HR are assigned an activity-related energy cost using the individual
HR-V

.
O2 calibration curve. Other techniques have been used to estimate

activity-related EE from the HR response during physical activity.52,55,56

Correlations of 0.53 to 0.73 have been reported between total EE estimated
from DLW and HR values based on individual HR-V

.
O2 calibrations.57

Although activity-related EE estimates based on individual HR-V
.

O2 curves
correlate reasonably well with an objective EE measure such as DLW, mea-
surement variability is high. Livingstone et al.54 reported difference scores
of –22% to +52% between total EE estimated from DLW and FLEX HR.
Recently, however, Strath et al.56 showed a strong correlation between activ-
ity-related EE estimated from HR reserve and indirect calorimetry (r = .87,
SEE = .76 METs) among adults performing moderate-intensity lifestyle activ-
ities. Energy expenditure estimates based on relative vs. absolute HR mea-
sures may reduce between-person sources of variation related with age, sex
and fitness level, which may improve the precision of estimating activity-
related EE from HR responses during physical activity.

The HR-V
.

O2 relationship is not linear during low and very high-intensity
activity.31,51 Because many daily activities are low to moderate intensity,13 HR
monitoring may not provide precise estimates of habitual daily activity-related
EE under free-living conditions. Imprecise estimates of activity-related EE may
also be attributed to several factors that influence HR without having substan-
tial effects on oxygen uptake, such as day-to-day HR variability, body temper-
ature, size of the active muscle mass (e.g., upper vs. lower body), type of
exercise (static vs. dynamic), stress and medication.7,27,31 The need to develop
individual HR-V

.
O2 calibration curves and instrumentation costs ($150 per

unit) make HR monitoring a less suitable surrogate activity-related EE outside
the research setting. HR measurements may best be utilized as part of an
integrated monitoring system rather than as a single measure of activity-
related EE among free-living individuals.58

c. Body Temperature and Ventilation

Because a close relationship between EE and core body temperature and
ventilation has been reported under laboratory conditions,27 continuous
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monitoring of these variables could provide a means of extrapolating activ-
ity-related EE under certain conditions. However, body temperature and
ventilation measures of EE may be limited by time requirements, several
confounding factors and inconvenient measurement techniques.7 Similar to
HR, these measurements may best be utilized as part of an integrated mon-
itoring system rather than as single measures of activity-related EE among
free-living individuals.58

B. Measuring Physical Activity

Several methods are available to measure free-living physical activity levels
using methods that range in precision from crude categorization of activity
status (e.g., sedentary vs. active) to detailed descriptions of activities (e.g.,
type, duration, frequency) and their estimated energy cost (e.g., MET-
min · d–1). Below is an overview of some direct and indirect methods that
have been used to assess physical activity in various settings.

1. Direct Measures of Physical Activity

a. Physical Activity Records

Physical activity records are detailed accounts of activity types and patterns
recorded in diary format during a defined period of time.6 Their level of detail
ranges from recording each activity and its associated duration59 to recording
activities performed at specified time intervals (e.g., every 15 minutes).60 The
physical activity record is about as big as a pocket-size book. Respondents
record information about the type (e.g., sleep, running, weightlifting), purpose
(e.g., exercise, transportation), duration (e.g., minutes), self-rated intensity
(light, moderate, vigorous) and body position (reclining, sitting, standing,
walking) for every activity completed within a defined observation period
(typically 24 hr). Seasonal records (e.g., winter, summer) can be kept to obtain
information about habitual physical activity levels and patterns and related
seasonal variations in these behaviors.18,19 Because entries are recorded in the
activity record at the time the behavior is executed, there is little concern over
the effects of recall bias on the precision of quantifying activity-related EE.
Figure 10.3a illustrates a sample page from a completed physical activity
record including codes from the Compendium of Physical Activities that would
be used to assign an energy cost to each activity for scoring purposes. Once
scored, the physical activity record provides a detailed account of the minutes
spent and estimated energy expended in various types, intensities and patterns
of physical activity. The physical activity record is a highly objective and
reproducible method61 of tracking the specific types (e.g., walking, running,
occupation) and patterns (e.g., single continuous bouts, sporadic intermittent
bouts) of activity that account for individual or population (e.g., entire sport
teams) activity-related EE. For example, an athlete thought to be in chronic
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negative energy balance could complete a series of physical activity records
over a defined time frame, from which estimates of total daily EE as well as
activity-specific EE can be obtained. It may be discovered that the athlete in
question is expending a large amount of energy in non-sport activities (e.g.,
occupational or recreational activity) that are not being met with a compen-
satory increase in energy intake. Using data from the activity record, nutri-
tional counseling and training modifications can be implemented to reestablish
energy balance in this athlete.

Physical activity records have been used in field settings to obtain compre-
hensive detailed accounts of free-living physical activities and related
EE.16,38,59,61-66 The precision of a physical activity record’s measurement of free-
living EE has been studied. Conway et al.38 reported a difference of only 7.9
± 3.2% between a 7-day physical activity record and doubly labeled water
estimates of free-living activity-related EE in men. Richardson et al. 67 observed
moderate to strong age-adjusted correlations (r = 0.35 – 0.68) between total
MET-min per day of EE from the physical activity record and an electronic
accelerometer among free-living men and women. Physical activity records
have also been used to study activity patterns among free-living individuals.
Ainsworth et al.59,63 characterized the types and patterns of physical activity
and related EE among Caucasian, African-American and Native-American
women living in the southeastern and southwestern regions of the U.S. as part
of the NIH-funded Women’s Health Initiative.68 Data from the physical activity
record were then used to develop population-specific physical activity surveys
that would precisely measure habitual daily activity-related EE among these
population sub-groups of women.63 Focus groups 22 or individual debriefings
pertaining to recorded information have been used to enhance the richness
and interpretation of data gleaned from physical activity records. Together,
these methods can be used to obtain information required to identify athletes
at risk for overtraining,2,69 chronic energy imbalance5 and related declines in
athletic performance and overall health status.2,4,5,70

Similar to their dietary counterpart aimed at assessing energy intake,71

physical activity records provide a very detailed and comprehensive method
of assessing an important determinant of energy balance. As with dietary
records, feasibility is limited by cost, the potential for altered behavior and
administrative burden on the practitioner and participant. For these reasons,
physical activity records may best be suited for use with individuals con-
sidered to be at high risk for energy imbalance or as a criterion measure for
validating simpler field surveys of physical activity and related EE.

b. Physical Activity Logs

A modified version of the physical record is the physical activity log. These
instruments aim to provide detailed accounts of habitual daily activities,
their associated duration and EE.6 The activity log is structured as a checklist
of activities specific to the target population’s usual activity patterns.6,22,72

The Bouchard Physical Activity Log60 is designed for respondents to check
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the type and intensity of activity they are performing every 15 minutes
during a specific period. The Ainsworth Physical Activity Log63,71 is a mod-
ifiable form that includes a list of 20 to 50 activities that reflect population-
specific PA interests (Figure 10.3b). At the end of the day, respondents com-
plete the single-page checklist by identifying the type and duration of activ-
ities performed that day. Activity-related EE is computed by assigning
intensity values from the Compendium of Physical Activities to each activity
selected by the respondent. The log takes only a few minutes to complete
and can be quickly scored to provide information about the type, time and
estimated energy cost of physical activities performed during specified peri-
ods (e.g., 7 days). Summary scores for daily activity-related EE (e.g., MET-
min · d–1), or for specific categories of activity (e.g., exercise or sport, sleep,
occupation) can be tracked for individual or groups of athletes. Because the
log is completed at the end of the day, the degree of recall bias associated
with this method of quantifying activity-related EE is likely higher than with
the physical activity record.

Physical activity logs may be more convenient to complete and process
than physical activity records as they are less time consuming for the respon-
dent and contain less information for data processing. Alternatively, activity
logs may underestimate actual activity-related EE if participants engage in
activities other than those listed on the log.

c. Physical Activity Recalls

Physical activity recalls are typically conducted as interviews (telephone or
in person) and are aimed at detailing an individual’s activity level during
the past 24 hours or longer.6 Activity recalls are similar to physical activity
records in that they can identify the type, duration, purpose and related EE
of activities performed during the recall frame. The physical activity recall
was developed after methods used in 24-hr dietary recalls and takes from
20 to 45 minutes to complete.71,73 Multiple random 24-hr activity recalls have
recently been used to profile activity patterns and estimate EE among adults
in a 1-year cohort study of blood lipid variability.73 The range of test-retest
reliability coefficients was very large and the magnitude of the coefficients
was moderate at best (R = 0.22 to 0.58). Criterion validity correlations
between total MET-hr · d–1 from the 24-hr recalls and activity data from an
electronic accelerometer were r = 0.74 and r = 0.32 for men and women,
respectively. Based on the feasibility, reasonable reliability and validity, min-
imal participant effort and potential reductions in response bias and altered
activity patterns during assessment, the researchers advocated using the 24-
hr recalls to assess activity-related EE among free-living populations. How-
ever, this method may not be suitable in populations with limited telephone
access, may be hampered by individuals who are unwilling or unable to
complete the phone interview and may utilize a time frame (e.g., past 24 hr)
that does not capture an individual’s true habitual PA pattern or level. On
the other hand, this method may be useful during tapering periods of the
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yearly training plan, where small acute changes in an athlete’s total exercise
volume and its associated energy requirements might be highly influential
on performance in an upcoming competition.

d. Motion Detectors

The use of mechanical and electronic motion detectors as a direct measure
of free-living physical activity has become increasingly popular.7,74,75 Energy
expenditure is often extrapolated from the activity data under the assump-
tion that movement (or acceleration) of the limbs and torso is closely related
to whole-body activity-related EE.31 There are several types of motion detec-
tors that differ in cost, technology and data output (Figure 10.3c–f).

Pedometers. Pedometers are small, inexpensive devices (~$20) used to
directly quantify walking activity in terms of accumulated steps per unit
time (e.g., per day).6,8 Because mechanical pedometers have relied on rela-
tively crude spring-loaded mechanisms to register steps, these devices were
found to have unacceptable accuracy and reliability due to stretching of the
springs and lack of a suitable calibration mechanism.27,76,77 Recently devel-
oped electronic pedometers (e.g., Yamax Digiwalker) are smaller and may
be more reliable than earlier models. These devices are worn at the waist
and are triggered by the vertical forces of foot-strike that cause a horizontal
spring-suspended lever arm to move up and down. Movement of the lever
arm opens and closes an electrical circuit. Each time the circuit closes, a
“step” is counted. Step registration, in theory, should reflect only the vertical
forces of footstrike, however, any vertical force through the hip area (e.g.,
sitting down hard onto a chair) can trigger the device. An estimate of distance
walked is obtained by calibrating the pedometer to an individual’s stride
length during a short walking trial over a known distance.

Pedometers have demonstrated reasonable precision for use in research
and clinical settings where walking is the primary type of PA.46,75,78-80 Corre-
lations of r = 0.84 – 0.9379 and r = 0.48 – 0.8047 have been reported between
pedometer steps per day and EE estimates from electronic accelerometers.
Investigators have also shown pedometer steps per day to be moderately
correlated with measured oxygen uptake (r = 0.4947) and self-reported total
daily activity-related EE (r = 0.21 – 0.4963,75). A major limitation to using
pedometers as an objective field measure of activity-related EE is that
pedometers lack temporal information on the type, duration and intensity
of activities performed while steps were being recorded.7,31 Although some
pedometers include an estimate of net EE based on an assumed relation of
about 100 kcal per mile walked, empirical data is lacking as to the precision
of these estimates compared with measured EE. Furthermore, EE from activ-
ities that require both upper- and lower-body muscle activity would be
greatly underestimated under this assumption.

Because researchers recommend using the “raw steps” data as opposed to
estimated EE to represent ambulatory activity,81 pedometry may not be a
suitable method of assessing activity-related EE among athletes. Pedometers
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may, however, serve as an inexpensive method of monitoring ambulatory
activity among athletes who are rehabilitating sport-related injuries wherein
walking is a major part of the rehabilitation, or is being restricted due to the
specific nature of the injury. Used in conjunction with a detailed self-report
of physical activity (e.g., activity log), pedometers may provide a simple
cost-effective way to monitor both the quantity and quality of certain types
of physical activity.

Accelerometers. Accelerometers are battery operated electronic motion sen-
sors that, in theory, measure the rate and magnitude of that which the body’s
center of mass displaces during movement. Solid state technology integrates
and sums the absolute value and frequency of acceleration forces over a
defined observation period. Data is output as an activity “count.” Regression
equations have been developed from controlled laboratory experiments to
allow for the estimation of activity-related EE from the integral of acceler-
ometer count.82-86 Accelerometers are typically worn at the waist and measure
movement in single (uniaxial — Caltrac, CSA) or multiple planes (triaxial
— Tritrac) by way of piezoelectric signaling. Activity or EE data is either
displayed for hand recording (Caltrac) or stored in solid-state memory for
computer downloading and processing at a later time (CSA, Tritrac).

The Caltrac accelerometer (Muscle Dynamics Fitness Network, Torrence,
CA) was first described in the early 1980s by Montoye et al.84 To assess
activity-related EE, the device first estimates resting EE using information
programmed in by the user as follows (Hemokinetics, Inc., Madison, WI):

Equation 2: Men: kcal · min–1 ([473 × Wt lbs] + [982 × Ht in] – 
[531 × Age] + 4686)/100,000

Equation 3: Women: kcal · min–1 ([331 × Wt lbs] + [351 × Ht in] – 
[352 × Age] + 49,854)/100,000

Using the activity counts recorded during movement and assuming 5 kcal
for every 1 L oxygen uptake, activity-related EE is estimated from oxygen
uptake (VO2) using the following equation 84:

Using the activity counts recorded during movement, and assuming 5 kcal
for every 1 L oxygen uptake, activate-related EE is estimated from oxygen
uptake (VO2) using the following equation:84

Equation 4: V
.

O2 (ml · kg–1 · min–1) = 8.2 + 0.08 (counts · min–1)

Equation 5: kcal = 5 × (V
.

O2 [ml · kg–1 · min–1] × body mass (kg)/1000)

The activity-related EE is continuously added to the resting EE value and
summed across the specified observation period to yield a value of total or
gross EE. Net activity-related EE can be approximated by dividing gross EE
by the estimated resting metabolic rate (Equations 1 and 2). MET-min · d–1

of activity-related EE can be computed by dividing the net kcal/day value
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by 1440 min · d–1. To quantify physical activity in terms of movement counts
rather than kcal of EE, Caltrac count data can be obtained by entering the
following constants into the resting metabolic rate equation: weight = 25,
height = 36, age = 99 and gender = 0.87 Caltrac cannot store data and, because
it cannot be programmed for interval-based time sampling, only total daily
activity counts or EE can be measured.

The reliability and validity of the Caltrac has been established in a variety
of settings.27,28,46,65,66,84,88 One-, 6- and 13-month age-sex adjusted test-retest
correlations of 0.69, 0.84 and 0.79, respectively, were reported for Caltrac
total EE among free-living men and women.28 Strong correlations between
Caltrac total EE and measured VO2 (pooled r = 0.74, SEE = 6.6
ml · kg–1 · min–1) and high test-retest reproducibility (r = 0.93 to 0.98 ) were
reported in the original work of Montoye et al.84 In another study, Caltrac
and VO2 were highly correlated (r = 0.89) but no relation between Caltrac
and treadmill grade (r = 0.02) was observed.87 The latter observation illus-
trates the inability of accelerometers to detect changes in the energy cost of
activities due to increased resistance to movement.7,53,87 More recently, a
moderate correlation (rpooled = 0.58) but large variation in quantitative esti-
mates of EE were observed between the Caltrac and VO2 during a variety
of field and laboratory activities.47

The Computer Science and Applications (CSA; Shalimar, FL) accelerometer
has become increasingly popular for field studies physical activity and EE
because of its small size and ability for time-interval sampling and data
storage. Unlike the Caltrac, the CSA must be computer initialized. Data are
presented as counts per unit sampling time and regression equations have
been developed to estimate EE from raw CSA count data.82,83,86 These equa-
tions were generated from controlled studies of treadmill exercise or limited
simulations of lifestyle physical activities. The most common equations are
those developed by Freedson et al.,82,87 which are preprogrammed into the
CSA unit:

Equation 6: METs = 1.439008 + (0.000795 × counts · min–1)

Equation 7: kcal · min–1 = (0.00094 × counts · min–1) + (0.1346 x mass in kg)

The precision of each equation was R2 = 0.82 (SEE = 1.12 METs) for METs
and R2 = 0.82 (SEE = 1.4 kcal · min–1) for kilocalories during treadmill exercise
at 80, 106 and 162 m · min–1.82

Several studies have recently assessed the ability of the CSA to assess
activity-related EE.47,72,74,83,86,87,89 CSA counts have varied significantly with
monitor placement at three different ipsilateral hip locations.74 Melanson and
Freedson 87 showed CSA counts/min–1 were correlated with VO2 during
treadmill walking (r = 0.82), but unrelated with treadmill grade (r = 0.03).
CSA counts · min–1 were sensitive to changes in ambulatory velocity across
three walking speeds (p < 0.0001), but interinstrument reliability was sub-
stantially lower during slower (53 m · min–1, R = 0.55) vs. faster (107
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m · min–1, R = 0.91).89 Correlations between VO2 and CSA counts/min–1 have
been stronger during controlled laboratory activity (e.g., r = 0.80 to 0.95)74,87

than during simulated or actual field conditions of lifestyle activities (e.g., r
= 0.40 to 0.60).72,74 Hendelman et al.83 showed large differences (e.g., 30–57%)
between measured and predicted METs for a variety of daily lifestyle activ-
ities. Regression equations used to estimate EE from lifestyle activities have
shown lower precision (R2 = 0.32–0.35, SEE = 0.96–1.2 METs) 83,86 compared
with equations derived from controlled laboratory activity (R2 = 0.82-0.89,
SEE = 1.1 METs).82,89 Discrepancies in the time spent (e.g., min · d–1) in defined
EE categories were large between detailed physical activity logs and CSA
data based on cutpoints derived from three different regression equations.72

The Tritrac (Hemokinetics Inc., Madison, WI) is a triaxial accelerometer
that provides count data for the anterior-posterior, medial-lateral and vertical
planes, as well as an integrated vector magnitude (Vmag) of counts for all
three planes combined. Energy expenditure can be estimated through regres-
sion equations that account for body mass and resting EE. Resting EE is
calculated as follows:85

Equation 8: Men: (0.00473 × wt kg) + (0.00971 × ht cm) – 
(0.00513 × age yr) + 0.04687

Equation 9: Women: (0.00331 × wt kg) + (0.00352 × ht cm) – 
(0.00353 × age yr) + 0.49854

A regression equation (R2 = 0.90, SEE = 0.014 kcal · kg–1 · min–1 has been
developed during treadmill walking and running to estimate activity-related
EE from the Tritrac Vmag:85

Equation 10: kcal · kg–1 · min–1 = 0.018673 + (0.000029051 × Vmag · min–1)

Oddly, the preceding regression equation predicts EE using a triaxial mon-
itor based on experimental activity that results in acceleration from essen-
tially one plane (e.g., vertical). Measurement in three planes should
theoretically account for more sources of body movement and therefore
provide more precise estimates of activity-related EE, particularly under
lifestyle conditions. Studies have shown that triaxial devices have only
slightly better correlations with both laboratory (rTriaxial = 0.84–0.93 vs. runiaxial

= 0.76–0.85) and lifestyle activity (rTriaxial = 0.59–0.62 vs. runiaxial = 0.48–0.59)-
related EE.74,83

Although data from accelerometers can be used to assess frequency, dura-
tion and intensity of physical activity, the specific type of physical activity
is unknown. Accelerometers tend to overestimate walking-related EE and
underestimate lifestyle activity-related EE. Furthermore, activity-related EE
owed to the upper extremities or increased resistance to body movement
(e.g., uphill walking) is not accounted for. Subject compliance issues, poten-
tially altered physical activity patterns and the cost of the more sophisticated
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instruments (uniaxial ~ $300, triaxial ~ $550 per unit) limit the practicality
of using electronic accelerometers to measure activity-related EE among free-
living athletes. If used together with a detailed activity log, accelerometers
may be useful to quantify physical activity patterns and their related EE for
an athlete at high risk for energy imbalance.

2. Indirect Measures of Physical Activity

a. Physical Activity Questionnaires

Self-report questionnaires are the most frequently used method of assessing
physical activity levels among free-living individuals. Based on their level of
detail and subject burden, activity questionnaires are generally classified as
global, recall and quantitative history instruments.6,27 Table 10.3 provides a list
of questionnaires that have been used to estimate physical activity and EE in
various studies. Most, if not all, of the questionnaires listed in Table 10.3 were
designed for use in population-based epidemiological studies of heart disease
or other health outcomes. To date, there has been no self-reported physical
activity questionnaire designed specifically for athletic populations.

Global Questionnaires. Global activity questionnaires are typically one to
four items long and provide an estimate of an individual’s general physical
activity level (Figure10.3g). They are short and easy to complete, but global
questionnaires provide little detail on specific types and patterns of physical
activity. Therefore, global questionnaires allow for only simple classifications
of activity status (e.g., active vs. inactive)90,91 and do not allow for precise
assessment of activity-related EE. Global questionnaires are preferred in
physical activity surveillance systems92 where sample sizes are very large,
administrative time is limited and the goal for assessment may be to merely
classify respondents as inactive, irregularly active, or regularly active at
levels recommended for health benefits. The accuracy and reproducibility
of global activity instruments have been reported.28,72,93 Age-adjusted test-
retest correlations of 0.90 and 0.81 for men and women, respectively, and an
age–sex-adjusted coefficient of determination of 0.29 between the activity
score and maximal aerobic capacity have been reported for a two-point (e.g.,
active vs. inactive) global activity question.93 Lack of detail on the type,
frequency, duration and intensity of physical activity render global question-
naires inadequate for estimating activity-related EE.

Recall Questionnaires. Recall instruments are more burdensome (10–20
items) to complete than their global counterparts, but these questionnaires
ask for details on the frequency, duration and types of PA performed
during the past day, week, or month (Figure 10.3h). Scoring systems vary
among recall questionnaires, ranging from simple ordinal scales (e.g., 1–5
representing low to high levels of PA),94 to comprehensive summary scores
of continuous data (e.g., kcal, kJ, or MET-min · d–1).63,95,96 The advantage of
the latter measure is the ability to quantify time spent (e.g., min · d–1) per-
forming specific physical activities, as well as their related EE.
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Recall surveys have demonstrated acceptable levels of accuracy and
repeatability.28,62,63,66,95,97 One-month test-retest correlations for activity-
related EE computed from self-reported walking, stair climbing and sport
activity were 0.61 and 0.75 for men and women, respectively, who completed
the College Alumnus questionnaire.97 Criterion validity correlations between
activity-related EE and Caltrac accelerometer METs · d–1 and kcal · d–1 were
0.29 and 0.17, respectively, for all participants. Richardson et al. 66 observed
age-adjusted test-retest correlations of 0.60 and 0.36 for total MET-min · d–1

of EE among men and women, respectively, who completed the Stanford 7-
Day Activity Recall twice over 26 days apart. Age-adjusted criterion validity
correlations for total daily EE between the 7-day recall and the Caltrac
accelerometer were 0.54 and 0.20 for men and women, respectively and,
between the 7-day recall and 48-hr physical activity records were 0.58 and
0.32 for men and women, respectively. Recall surveys typically do a poor
job of assessing nonoccupational, nonleisure activity-related EE,7,28,63 which
may be particularly relevant sources of health-related EE among women and
minorities22,98 and may partly explain the lower correlations between self-
reported and objectively measured activity levels among women.63

Ainsworth et al.62,63 have reported data from a comprehensive Typical Week
Physical Activity Survey administered to middle-aged minority women. This
survey (Figure10.3h) is very detailed and requires respondents to recall
frequency and duration of several types of activities including items for
house and family care, exercise and sport and occupation. Age-adjusted test-
retest correlations were 0.43 to 0.68 summary scores for total, light, moderate
and vigorous MET-min · d–1 of activity-related EE, and age-adjusted criterion
validity correlations were 0.45 to 0.54 between detailed physical activity
records and logs and the activity summary scores. Despite being one of the
most detailed and comprehensive recall questionnaires, the validity and
reliability characteristics of the Typical Week Activity Survey62,63 are similar
or better than other more frequently used recall questionnaires.66,94-96

There are two primary limitations to physical activity recall instruments.
First, the activity estimate is subject to errors in recall that may result in
biased measures of activity-related EE.99–101 This bias seems to be intensity-
related in that recall error is typically highest for light and moderate intensity
physical activities that are more habitual in nature (e.g., walking, house-
work).28,66,63,73,100 This may be particularly relevant when trying to quantify
activity-related EE among athletic populations who have little trouble
remembering planned bouts of vigorous sports activity, but pay little atten-
tion to other sources of habitual daily EE (e.g., walking on campus or at
work) that may contribute substantially to an individual’s total energy
requirements. Second, the structure of the instrument may not include rele-
vant population-specific sources of activity-related EE, which would likely
lead to an underrepresentation of an individual’s actual physical activity
level and related EE.7,9

Quantitative History Questionnaires. Quantitative histories (Figure10.3i) are
detailed (e.g., > 20 items) records of the frequency and duration of leisure-
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time or occupational physical activities over the past year102,103 or lifetime.104

Activity scores are usually expressed as a continuous variable (e.g.,
kcal · kg–1 · wk–1), allowing for the evaluation of activity-related EE. The
most frequently used quantitative history is the Minnesota Leisure Time
Physical Activity Questionnaire (MNLTPA),102 which uses a 1-year recall
frame to identify the frequency (events per year) and average duration
(hr:min per event) of 74 activity items in categories of walking, conditioning,
hunting and fishing, water, winter, sports, home repair and household main-
tenance activities. Richardson et al. 67 reported age-adjusted 1-year test-retest
correlations for total, light, moderate and heavy MET-min · d–1 of activity-
related EE of 0.69, 0.60, 0.32 and 0.71, respectively, among adults responding
to the MNLTPA. These investigators also showed age-adjusted criterion
validity correlations of 0.75, 0.72, 0.70 and 0.75 between MNLTPA and 4-
week activity history summary scores of total, light, moderate and heavy
MET-min · d–1.

Similar to the “remote diet recall” used to assess past dietary habits,71

quantitative activity histories are useful in settings where investigators and
practitioners are interested in detailing activity-related EE patterns over long
periods of time (e.g., 12 months). The intensive administrative burden (e.g.,
60 min) and recall effort required by the respondent limits the feasibility of
these instruments.

b. Body Composition

Body composition is known to vary with energy intake and activity-related
EE.4,5,70,105 Measures of body composition include body weight, percent body
fat, fat-free mass, bone mineral density, patterns of fat deposition, skinfolds
and girth measurements.57 Generally, higher levels of physical activity are
associated with more favorable body composition measures.28,106 Studies of
self-reported free-living physical activity show the highest correlations
between vigorous activity (> 6 METs or > 7 kcal · min–1) and body compo-
sition measures.28 Measures of body composition represent only a crude
surrogate of activity-related EE, as information pertaining to the type, fre-
quency and duration of specific activities is not available from these mea-
sures. Simple measures of body composition (e.g., body weight, regional
skinfold thickness) may be useful as a global indicator of activity-related EE,
however, the high costs and administrative burden associated with more
sophisticated body composition measures (e.g., hydrostatic weighing, DEXA
scans) limits their use essentially to research settings. Because body compo-
sition is influenced by both energy intake and EE, body composition mea-
sures may best serve as a surrogate of energy balance as opposed to an
independent measure of energy intake or EE.
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V. Summary

Many direct and indirect methods are available to measure physical activity
and its related EE under free-living conditions. These measurements exist along
a continuum of precision, cost and administrative burden. Sophisticated labo-
ratory measures of EE are not feasible for studying large numbers of individuals
under free-living conditions, but may be appropriate to evaluate individual
athletes thought to be at high risk for energy imbalance and the related conse-
quences on performance and health parameters. The utility of direct laboratory
procedures for measuring EE as a means of validating field techniques for
assessing activity-related EE, however, should not be understated.

Field measures are often used to assess activity-related EE with an acknowl-
edged trade-off between precision and practicality. Each method is limited by
between- and within-person variation in the measured variable, as well as ancil-
lary factors that may confound each method’s true association with activity-
related EE. Portable indirect calorimeters may be the most accurate indirect
method for assessing activity-related EE in the field, but costs, restricted move-
ment and potential alteration in usual behavior limit using this technique as the
gold-standard field measure. Development of small, nonobtrusive integrated
systems that employ multiple indirect measures of activity-related EE (e.g., HR,
body temperature, ventilation, acceleration, steps) may improve the accuracy
and feasibility of estimating EE under field conditions. Physical activity records
and questionnaires are the least expensive and least burdensome methods that
allow for detailed assessment of activity-related EE under free-living conditions,
although how well an instrument represents population-specific activity behav-
iors and recall biases are concerns. Use of standardized methods for assigning
energy costs to self-reported (e.g., activity log, recall questionnaire) or objectively
measured (e.g., accelerometer), free-living physical activities will improve the
accuracy and reproducibility of these field measures.
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I. Introduction

 

One of the many benefits enjoyed by athletes who participate in regular
activity and exercise is the effect on lipid metabolism and the resultant
favorable changes in serum lipids. Common assessment of serum lipids
consists of a full lipid profile, which includes total cholesterol (TC), low
density lipoprotein cholesterol (LDL-C), high density lipoprotein cholesterol
(HDL-C) (which assesses cholesterol present in all HDL subparticles such as
HDL

 

2

 

 and HDL

 

3

 

) and triglycerides (TG). Other lipid parameters that may
be of use in an assessment are apolipoprotein B (apo B), apolipoprotein A
(apo A) and LDL particle size. Emerging evidence has also indicated effects
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of exercise on lipoprotein lipase (LPL) and hepatic lipase (HL), (Lp(a)),
oxidized LDL-C (ox-LDL-C), lecithin-cholesterol acyltransferase (LCAT) and
cholesterol ester transfer protein (CETP). Athletes and individuals who exer-
cise regularly commonly present with a more favourable lipid profile than
their inactive counterparts.

 

1–4

 

 However, cross-sectional studies such as these
do not establish a cause and effect. Understanding the chronic and acute
affects of exercise on lipids is important when assessing these variables in
athletes. Things that also need to be considered are the effects of change in
plasma volume that occur as a result of chronic and acute exercise and
possible lipid oxidation that may result from ultra-endurance activities. This
chapter will begin with a brief overview of lipid metabolism and then discuss
the changes that occur in lipids due to both chronic and acute exercise
participation as it pertains to the athlete, as well as recommended methods
of clinical assessment and special considerations for assessing serum lipids
in athletes.

 

II. Lipid Metabolism

 

Due to the hydrophobic nature of cholesterol, triglycerides and other lipids,
their transport within plasma is conducted by heterogeneous lipoprotein
particles. In general, these lipoprotein particles consist of a hydrophobic
core of cholesterol esters and triglycerides surrounded by a hydrophilic
complex of cholesterol, phospholipids and proteins. The various lipopro-
teins are named according to their density and composition: chylomicron,
very low density lipoprotein (VLDL), intermediate density lipoprotein
(IDL), low density lipoprotein (LDL) and high density lipoprotein (HDL).
As the lipoproteins become smaller, their density increases due to the
removal of triglycerides, resulting in a greater proportion of cholesterol
and protein content. Metabolism of plasma lipoproteins consists of three
main pathways: exogenous and endogenous pathways and reverse choles-
terol transport. The exogenous pathway begins by the transport of lipids
and cholesterol absorbed in the intestine, which are packaged into chylo-
microns by the epithelial cells. The chylomicrons travel to the liver to
deliver lipids for packaging into other lipoprotein particles. Along the way,
triglycerides in the chylomicrons may undergo hydrolysis into free fatty
acids (FFA) by LPL circulating in the plasma and attached to capillary
walls. The FFA are used by the surrounding cells as an energy substrate.
As a result, the chylomicron particles become smaller and smaller as they
travel through the circulation and eventually become chylomicron remnant
particles. Excess membrane material from these particles may then slough
off and enter into the HDL particle pool, while the remaining chylomicron
remnants are taken up by the liver. The endogenous pathway is a mirror
of the exogenous pathway, which transports cholesterol and triglycerides
from the liver to the peripheral cells. The liver packages cholesterol and
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triglycerides into the apo B-containing VLDL particle. As the VLDL circu-
lates through the plasma, the triglycerides undergo hydrolysis, resulting
in IDL particles and then LDL particles. Again, excess membrane from the
decreasing particles falls apart and enters the HDL particle pool. All along
this path, the VLDL, IDL and LDL particles may be taken up by the liver.
The reverse cholesterol is named for its role in removing cholesterol from
peripheral tissues to the liver for excretion with bile. In this pathway, the
apolipoprotein AI accepts cholesterol released from peripheral cells via the
ABC-1 transporter forming nascent HDL, which matures via a reaction
with LCAT, thereby modifying HDL

 

3

 

 particles to HDL

 

2

 

 particles. The
mature HDL particle is transported to the liver and eventually excreted
in bile.

 

A. Metabolism of Lipids during Exercise

 

The importance of lipid metabolism becomes clearly apparent as the majority
of energy used at rest and during mild to moderate exercise is provided by
the catabolism of TG and FFA. As described previously, TG are transported
to the peripheral working muscles via chylomicrons and VLDL particles.
The TG then undergo hydrolysis by LPL at the site of the working muscles.
The resulting FFA are then taken up by the muscles, transported to the
mitochondria and metabolized via the beta-oxidation pathway to produce
ATP for skeletal muscle contraction. Chylomicrons and VLDL particles also
transport TG to peripheral adipose tissues. Again the TG are hydrolyzed by
LPL so that the FFA can pass into the adipocytes and combine with glycerol
to be stored as TG to be used for energy at a later time. While TG from
circulating lipoproteins provide FFA for energy substrate utilization, the
majority of FFA consumed during exercise are provided by FFA bound to
albumin or freely circulating in the plasma. The FFA-albumin complex binds
to the fatty acid binding receptor on the muscle cell and the FFA are released
into the muscle cell to be transported to the mitochondria to be metabolized.
The pool of circulating FFA are mainly the result of mobilized adipose stores
of TG.

 

III. Effects of Exercise on Lipids

 

A. Cross-Sectional Studies

 

The idea that exercise can result in an improved lipid profile came from early
cross-sectional studies of athletes, individuals who regularly exercise and
sedentary men and women. Athletes, when compared with sedentary age-
matched men and women, have lower TC, LDL-C, TG and VLDL and higher
HDL-C.

 

1-4

 

 These differences tend to be more pronounced and consistent with
regards to HDL-C and TG. When further analyzed, athletes tend to have
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higher LPL activity and lower HL activity than sedentary controls; this may
account, in part, for the differences in lipoprotein particles.

 

5

 

A number of cross-sectional studies have investigated the association
between exercise volume and serum lipids. Lakka et al.

 

6

 

 investigated the
relationship between physical activity participation and serum lipids in a
cross-sectional study of 2492 middle-aged men. The authors reported a pos-
itive relationship between HDL-C and activity levels and an inverse rela-
tionship between TG and activity levels. When HDL-C was further analyzed
by HDL particle subspecies (HDL

 

2

 

 and HDL

 

3

 

), the relationship with physical
activity was similar to that observed with HDL-C. Using a different measure
of exercise volume, namely kilometers of a week’s running, Williams

 

7

 

reported that HDL-C levels were associated with kilometers run per week
in 1837 recreational female runners. This finding was later confirmed in a
similar group of male runners.

 

8

 

 However, when the relationship between
physical fitness, a marker of exercise participation and serum lipids was
analyzed, little or no apparent associations were found.

 

9,10

 

 It is difficult to
determine from the aforementioned studies whether exercise itself leads to
an improved lipid profile or if those with an improved lipid profile tend to
participate in regular exercise. This can be answered only through well-
conducted, prospective randomized control trials.

 

B. Effects of Chronic Exercise

 

Numerous studies have been conducted to investigate the effects of exercise
on serum lipids. These studies have utilized various populations of men and
women (pre- and postmenopausal) including those with normal lipid pro-
files, different types of dyslipidemias, primary and secondary prevention,
as well as those with ideal and elevated body weight. Despite the reporting
of a wealth of studies, many are fraught with methodological errors that
make it difficult to draw definitive conclusions. These include the absence
of a nonexercise control group, low sample size or a nonrandomized control
group. Variations in the exercise interventions utilized, such as mode, dura-
tion, frequency and intensity of exercise, also make comparisons between
studies a challenge. In addition, the presence or absence of weight loss
further complicates matters. This section will highlight some of the random-
ized studies reported to date and the implications of their findings; more
detailed investigations can be found in other reviews.

 

11-13

 

Williams et al.

 

14

 

 conducted one of the earliest randomized controlled trials
on the effects of exercise in sedentary men. Eighty-one healthy sedentary
men were recruited and randomized to either a 1-year exercise intervention
or control. The exercise consisted of running initially three times per week
and progressing to 5 days per week for 45 minutes. After 1 year, VO

 

2max

 

increased and percent body fat decreased to a significantly greater extent in
the intervention group compared with control. There were no significant
differences with respect to serum lipids between the two groups. Despite
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these results, the authors reported that the volume of exercise assessed as
miles run per week was negatively correlated with change in TC and LDL-
C and positively correlated with HDL-C. They speculated that the average
number of miles run per week for the exercise intervention was not enough
to illicit a significant improvement in serum lipids and that a threshold of
10 miles (16 kilometers) run per week may be required to observe increases
in HDL-C.

These same investigators later studied a group of 155 overweight seden-
tary men.

 

15

 

 Study subjects were randomized to one of three groups: weight
loss by supervised exercise, diet or control. After 1 year, participants in the
exercise and diet group underwent significant weight loss. While those in
the diet group lost more weight than those in the exercise group, changes
in body fat mass were similar. As expected, VO

 

2max

 

 increased significantly
in the exercise group only. Reductions in TG and the TC/HDL-C ratio and
increases in HDL-C, HDL

 

2

 

 and HDL

 

3

 

 were all significantly greater in both
the exercise and diet groups compared with controls. There were no differ-
ences with respect to TC and LDL-C among the three groups and no differ-
ences between the exercise and diet groups. In later analysis, LDL particle
diameter increased significantly in the exercise and diet groups compared
with control, reflecting more buoyant and less atherogenic LDL particles.

 

16

 

The investigators also reported that HL activity decreased significantly in
both of the intervention groups.

 

17

 

 It is likely that the changes in HL contrib-
uted to the observed changes in TG and HDL-C. Overall, these results
suggest that the changes in serum lipids were due mainly to weight loss
regardless of whether it occurred from exercise or dietary changes in initially
overweight men.

Another investigation looked at the effects on exercise in men and women
with dyslipidemia. Men and postmenopausal women with low HDL-C and
high LDL-C were randomly assigned to four groups: diet only, exercise only,
diet and exercise and control, and followed for 1 year.

 

18

 

 Data were analyzed
separately for each gender. Exercising men significantly increased their
VO

 

2max

 

 but underwent no changes in weight. There were nonsignificant
reductions in TC, LDL-C, TG and apo B and an increase in HDL-C. Reduc-
tions in TC, LDL-C and apo B were more pronounced in the diet-only group
and significant only in the diet and exercise combined group, who also
experienced the greatest amount of weight loss. Results for the postmeno-
pausal women were similar — significant reductions in TC and LDL-C were
observed only in the exercise and diet combined group, who also experi-
enced greater weight loss than the other groups. While not significant, the
most pronounced increase in HDL-C occurred in the exercise-only groups,
regardless of gender.

Most of the above studies investigated men; how exercise affects serum
lipids in women may be different, due to their higher premenopausal serum
lipids, which decline after menopause. Two studies have investigated the
effect of exercise on serum lipids in pre- and postmenopausal women.

 

19,20

 

Both of these studies consisted of 12 weeks of exercise without a nonexercise

 

0927_C11_frame  Page 263  Thursday, March 21, 2002  2:14 PM



 

264

 

Nutritional Assessment of Athletes

 

control group. The first study investigated 25 pre- and 25 postmenopausal
women.

 

19

 

 The authors reported significant weight loss in both groups but
no significant change in serum lipids except for a decrease in HDL-C in
postmenopausal women. The other study also reported no significant
changes with respect to serum lipids after 12 weeks of exercise in either 21
pre- or 16 postmenopausal women.

 

20

 

 There was no change in weight and no
interaction regarding menopausal status and serum lipid changes. However,
it is difficult to extrapolate these results due to the small sample sizes, the
short length of the interventions and lack of control group.

The differences in designs of these studies (sample size, intervention type
and length, etc.) and the populations investigated make comparisons
between the studies difficult. To this end, Halbert et al.

 

21

 

 conducted a meta-
analysis of 31 randomized controlled trials of exercise with a mean length
of 25.7 weeks (range 9 to 52 weeks). Overall, the exercise intervention
resulted in small but significant decreases in TC, LDL-C and TG of 0.10
mmol/L, 0.10 mmol/L and 0.08 mmol/L respectively and a significant
increase in HDL-C of 0.05 mmol/L. There where no significant relationships
between serum lipid changes and the intensity or the frequency of the exer-
cise intervention, however, there was a consistent trend toward greater
changes in serum lipids for those exercise interventions of three times per
week compared with those with more than three exercise sessions per week.
It is difficult to determine why less frequent exercise resulted in greater lipid
changes from the data reported. The authors’ final conclusion was that
exercise did result in significant beneficial changes in serum lipids. A second
review of 51 exercise interventions, 28 of which were randomized controlled
trials, concluded that the majority of the studies supported the hypothesis
that exercise exerts beneficial changes in serum lipids, with the strongest
finding being an increase in HDL-C.

 

11

 

The reported changes in TG and HDL particles are believed to be due to
changes that occur in LPL and HL activity. This was confirmed in a study
of eight sedentary men undergoing stationary bicycling five times per week,
which revealed a 22% increase in LPL and a reciprocal decrease in HL of
approximately 15%.

 

22

 

 This occurred in the presence of significantly greater
levels of HDL-C and lower TG levels compared with baseline. Results from
Simsolo et al.

 

23

 

 also support this finding. These investigators reported a
significant reduction in muscle LPL activity, following 2 weeks of exercise
cessation in 16 athletes.

To date, no single study has conclusively demonstrated an effect of exercise
on serum lipids. Many of the studies conducted used small sample sizes,
various exercise frequencies and intensities and an exercise intervention of
no more than 12 months. However, overall, these studies suggest an effect
of exercise on serum lipids that results in an increase in HDL-C and a
decrease in TC, LDL-C and TG in previously sedentary men and women. It
is unclear whether changes in serum lipids require concomitant weight loss,
as many of the studies observed significant reductions in weight. Many of
these studies did not try to control for changes in energy expenditure and
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maintenance of baseline weight. It is reasonable to assume that more pro-
longed exercise participation is associated with greater changes in serum
lipids

 

7

 

 and that cessation of exercise results in a reversal of these changes.
Many of the noted changes in lipoproteins can be attributed to changes in
LPL and HL activities. 

Athletes tend to be leaner, exercise more frequently and over a period of
several years. It is possible that this extra exercise stimulus in athletes may
be responsible for the greater differences observed in cross-sectional studies
comparing athletes with sedentary controls than reported in the aforemen-
tioned prospective studies. As it is unlikely that a study would be conducted
to replicate, in sedentary volunteers, the high volume of exercise that athletes
practice, investigations of current athletes who abstain from exercise for a
specified period may be of value. A study of 24 male cyclists who underwent
2 months of training cessation compared with their peak training period
reported a significant increase in body weight and TG with a significant
decrease in VO

 

2max

 

, HDL-C, HDL

 

2

 

, HDL

 

3

 

 and apo A.

 

24

 

C. Effects of Acute Exercise

 

As TG and FFA are major energy substrates during exercise, one would
expect that exercise also exerts an acute effect on serum lipids. Characterizing
this effect is important when determining the appropriate timing for serum
lipid assessment in actively exercising athletes. As with investigations of
chronic exercise, numerous studies of acute exercise have been conducted.
These too are wide ranging in their methodology and study populations
and, therefore, results. Only those studies that have been conducted with
scientific rigor and corrected for changes in plasma volume will be high-
lighted and drawn upon for recommendations for lipid assessment in ath-
letes.

An early study of nine male cyclists and 10 sedentary men of similar age
investigated the effect of a 60-minute exercise session on a stationary bicycle
at each individual’s anaerobic threshold as determined from an earlier max-
imal exercise test.

 

25

 

 The nine cyclists also participated in an additional session
of 2 hours 1 week later. Alcohol consumption and exercise were abstained
from for 4 and 3 days prior to each exercise session respectively. No other
dietary changes were undertaken and the authors did not indicate if fasting
occurred prior to each test. When corrected for changes in plasma volume,
there were no significant changes in TC, LDL-C, HDL-C or TG immediately
following or within 72 hours of the 60-minute exercise session for either the
cyclists or sedentary men compared with immediately before the exercise.
There was, however, a trend toward reduced TG of 17% and 22% for the
cyclists and sedentary men, respectively, 24 hours following the 60-minute
exercise session. This was accentuated following the 2-hour exercise session
in the cyclists — TG were significantly lower after 24 hours than the pre-
exercise levels (by 33%). The TG levels returned to baseline within 48 hours.
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The authors concluded that there is a dose-response effect of exercise dura-
tion with reductions in TG levels.

Klein et al.

 

26

 

 investigated the effects of a 30-minute exercise session in six
untrained men following a meal high in fat. Following a 12-hour fast, subjects
ingested a high-fat meal adjusted for body size. Blood samples were drawn
before the meal and 4, 6 and 8 hours after. On the following day, the protocol
was repeated with the addition of a 30-minute exercise session 1 hour after
the high fat meal. For both days, TG levels increased at 4, 6 and 8 hours after
the high-fat meal compared with the baseline fasting levels. However, the
increase in TG levels following exercise was significantly lower for all of
these time periods compared with those on the previous day without exer-
cise. These results indicate that exercise attenuates the increase in TG levels
due to a high-fat meal. This is consistent with the previous results indicating
TG levels are reduced after acute exercise.

As differences in the duration of exercise may reflect either exercise inten-
sity or kcals (kcal) utilized or both, controlling one of these variables may
provide additional insight. To investigate the effect of exercise intensity, 39
sedentary men with elevated TC levels (> 6.00 mmol/L) were randomized
to perform stationary cycling at either 60% or 80% of their previously
assessed VO

 

2max

 

 until a total of 350 kcal had been expended.

 

27

 

 Subjects began
the exercise sessions following a 12-hour fast, at which time serum lipids
were assessed as well as immediately following the exercise and 24 and 48
hours after. As expected, the duration of the two exercise intensities was
different, 35 

 

±

 

 7 and 59 

 

±

 

 12 minutes for the 80% and 60% intensity sessions,
respectively. The investigators combined the results of the entire cohort, as
they reported no effect of exercise intensity on serum lipid changes. TC and
LDL-C each fell by approximately 4% immediately following the exercise
and rose to over 5% of the baseline levels after 48 hours, HDL-C levels were
immediately elevated by nearly 10% and remained elevated at 48 hours post-
exercise (due to elevations in both HDL

 

2

 

 and HDL

 

3

 

) and TG levels did not
change immediately following the exercise but were 18% and 15% lower at
24 and 48 hours post-exercise, respectively. Apo B also increased at 24 hours
and remained elevated after 48 hours. These results suggest that, as long as
energy expenditure remains constant, exercise intensity does not influence
the acute exercise effects on serum lipids conducted within 1 hour. Of note
was the inability of 15 of the subjects in the higher intensity group to com-
plete the exercise in one continuous bout, instead they were allowed to rest
and complete the exercise in intervals. This may have affected the results of
the higher intensity group and attenuated the differences between the two
groups. As exercise intensity dictates the type and proportion of the various
energy substrates utilized, the intermittent periods of rest likely affected the
energy substrates used, making the session not truly reflective of a contin-
uous bout of exercise. It also would have been preferable to use individual
subjects as their own control and have them undergo two separate exercise
sessions; this would remove possible interindividual differences with respect
to response to exercise. While it is difficult to truly determine the effects of

 

0927_C11_frame  Page 266  Thursday, March 21, 2002  2:14 PM



 

Assessment of Lipid Status in Athletes

 

267

the different exercise intensity, the results suggest that the changes observed
in serum lipids may take longer than 48 hours to resolve.

Elevation in HDL-C levels was also observed in a group of nine compet-
itive male cyclists following a 70-minute exercise session.

 

28

 

 The subjects were
instructed to exercise (stationary cycling) for a 60-minute period at 70%
VO

 

2max

 

 followed by a maximal effort for the duration of the session. This
was designed to reflect what commonly occurs during a bicycle race. Each
subject completed the test twice, separated by 1 week. Regular diet and
activity patterns were allowed between the two sessions. Blood samples were
taken before, during and immediately after the exercise session. As expected,
there were no differences observed between the two exercise sessions and
so the results were combined. Levels of HDL-C were significantly elevated
immediately following exercise compared with the baseline levels. No sig-
nificant changes in TC and TG were apparent.

In contrast, Ferguson et al.

 

29

 

 investigated the effects of different amounts of
energy expenditure from exercise at a constant exercise intensity. Eleven men
who participated in regular exercise for the previous year underwent four
different exercise sessions to achieve 800, 1100, 1300 and 1500 kcal of expended
energy. All exercise sessions were conducted at an intensity of 70% of previ-
ously determined VO

 

2max

 

 and separated by 2 weeks, during which the subjects
were to maintain their regular dietary and exercise habits. Blood samples were
collected after a 12-hour fast the day before each exercise session, immediately
before and after the session and 24 and 48 hours after. Based on food records
collected during the days surrounding the exercise sessions, no variability in
eating habits was observed. Both TG and VLDL-C were significantly lower 24
hours after exercise compared with immediately before for all four exercise
sessions. For all but the 1500 kcal exercise session, TG and VLDL-C levels had
returned to baseline at 48 hours. LDL-C levels were reduced immediately
following the exercise session for the 1300 and 1500 sessions only and
remained lower at 24 hours in the 1500 kcal session. HDL-C levels were
elevated immediately following all exercise sessions, but this was significant
only for the longest session (1500 kcal). After 24 hours, HDL-C levels increased
and were significant for the 1100, 1300 and 1500 sessions and remained ele-
vated at 48 hours for the 1500 kcal session. This was mainly due to increases
in HDL

 

2

 

 particles and possibly the significant increases in LPL activity
observed 24 hours after exercise for the same three exercise sessions. The
elevated LPL activity was even apparent after 48 hours in the 1500 kcal session.
Significant increases in LDL-C occurred immediately following the 1300 and
1500 sessions. This well-conducted study identified a clear dose-dependent
relationship between the caloric expenditure of an acute bout of exercise and
changes in serum lipids while controlling for exercise intensity and dietary
intake. The authors suggested that the changes observed in TG and HDL-C
were mediated by the increased LPL activity, as LPL hydrolyses TG, which in
turn would provide substrate for HDL-C production. These results indicate
that an exercise bout of 1100 kcal is required to result in significant serum lipid
changes that may last for 48 hours.
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To extend the investigation of prolonged acute exercise, 39 men and
women were studied before and after an acute bout of ultra-endurance
exercise (an Ironman triathlon).

 

30

 

 The average participant completed the
exercise session in a mean of 753 ± 128 minutes. Because of the nature of the
event, nonfasting baseline blood samples were collected 24 hours prior to
the exercise. Compared with baseline, TC, LDL-C, apo B and TG were
reduced by 9%, 11%, 10% and 39% respectively. There was also a nonsignif-
icant increase in HDL-C by 3%. Even though the authors did not report any
changes in weight, one would expect that, over a period of approximately
12.5 hours, most participants would lose weight through fluid and fat loss.
The large decrease in TG levels is expected as the duration of the exercise
session and its intensity would require fat as the major energy substrate.
These findings are in contrast to previous studies that observed immediate
increases in HDL-C and delayed decreases in TG levels due to acute exercise.
The absence of a delay in decreasing TG is most likely due to the extreme
duration of the exercise. A possible confounding factor that was not
addressed by the authors, is the fact that all of these individuals would be
consuming high-energy foods during the exercise to replenish their energy
stores. Depending on the macronutrients of these foods, this may also have
contributed to the dramatic changes in TG levels. The results of this study
demonstrate that, under extreme exercise conditions, TG levels and, to a
lesser extent, TC, LDL-C and apo B levels, decrease. While an exercise bout
of this duration is not common, it does indicate that a longer bout of exercise
will result in greater TG changes.

All but one of the above-cited studies were restricted to men and the one
that included women did not distinguish by gender. Investigations of the
acute effects of exercise and serum lipids in women need to be separately
conducted, as many more variables must be accounted for, such as meno-
pausal status, stage of the menstrual cycle, oral contraceptives, among others,
as these all affect serum lipid levels.

Skinner et al.

 

31

 

 studied the effects of completing a marathon in 12 female
athletes (average time of completion was 254 ± 28 minutes). Compared with
baseline serum lipids assessed 1 hour prior to the start of the race, TC
significantly increased by 10.6% and HDL-C significantly increased by 22.8%
immediately following the marathon. There was a nonsignificant decrease
with respect to VLDL-C levels and no change in LDL-C levels; TG levels or
weight changes were not reported. The authors also reported no significant
changes in the composition of the HDL particles. The increase in TC is most
likely due to the increase in HDL-C. The increase in HDL-C is consistent
with studies in men, although this occurred to a much greater extent in the
women. Of note is that five of the subjects were using oral contraceptives at
the time, which are known to influence serum lipids.

 

32

 

 While the authors
reported no difference in the results between those using oral contraceptives
and those who were not, it is possible that the small sample size may have
limited this observation. The author also did not control for possible varia-
tions in the menstrual cycle of the subjects, which also affects serum lipids.

 

33
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Another study investigated 11 pre- and 10 postmenopausal women.

 

34

 

 All
subjects were sedentary but otherwise healthy and none were known to be
using oral contraceptives. The investigators studied two isocaloric bouts of
exercise (350 kcal) at two different intensities: 50% and 70% VO

 

2max

 

, deter-
mined from an initial maximal exercise test. The exercise sessions were
conducted during the early follicular phase of the menstrual cycle for the
premenopausal women based on self-report. The order of the two exercise
sessions was randomly determined and they were held approximately 1
month apart to control for menstrual cycle variation. Baseline serum lipids
were assessed 24 hours prior, immediately after and 24 and 48 hours after
the exercise sessions. All samples were taken under fasting conditions. All
subjects were provided a defined diet and asked to maintain their weight
throughout the study. With respect to the premenopausal women, TC and
LDL-C were significantly lower following each exercise session compared
with baseline levels and the decreases in TC and LDL-C were much greater
following the higher intensity exercise session. In contrast, TG levels
increased significantly by nearly 7% immediately after the exercise sessions
and there were no differences between the intensities. All levels returned to
baseline within 24 hours. Levels of HDL-C, HDL

 

2

 

 and HDL

 

3

 

 remained sim-
ilar to baseline. In the postmenopausal women, LDL-C levels increased after
the low intensity exercise session and decreased following the high intensity
exercise session and the difference between these changes was significant.
A similar observation was noted in TG levels, which decreased after the low
intensity exercise session and increased following the high intensity exercise
session; again, the difference between these changes was significant. All
levels returned to baseline within 24 hours. There were no differences in TC,
HDL-C and HDL

 

3

 

 levels, but HDL

 

2

 

 levels were significantly higher imme-
diately following both exercise sessions. As expected, the postmenopausal
women were older, had greater body mass index and lower exercise capacity
compared with the premenopausal subjects; no other comparisons were
provided between the two groups. The authors concluded that the intensity
of the exercise does affect the changes in TC and LDL-C immediately fol-
lowing exercise in women. The changes in TC and LDL-C observed in this
study are consistent with those reported by the same authors in a similar
study in men undergoing a 350 kcal exercise bout as mentioned above.

 

27

 

 In
contrast, the study in men did not report a difference in the effects based on
exercise intensity and TG actually decreased immediately following the exer-
cise sessions. It is possible that men and women may have opposing results
with respect to TG changes following acute exercise. Despite being a well
controlled study, the small sample size may limit definitive conclusions to
be drawn.

A more recent study investigated the effect of exercise duration on serum
lipids.

 

35

 

 The authors studied seven healthy sedentary premenopausal
women following both a 30- and 60-minute bout of exercise conducted at
60% of pre-determined VO

 

2max

 

. None of the women had previously taken
oral contraceptives or had any weight changes greater than 1 kg during the
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previous year. Both exercise sessions were completed during the follicular
phase of the menstrual cycle as determined by basal temperature. All subjects
stayed on a metabolic ward during the experimental procedures and dietary
intake was kept constant. Baseline serum lipids were assessed following a
12-hour fast and immediately prior to exercise. Subsequent samples were
collected as follows: immediately, 30 minutes, 1 hour, 2 hours and 24 hours
after the exercise sessions. The two exercise sessions were held 3 days apart
and assigned in a random order. There were no significant changes in any
of the lipid variables assessed over the various time points for both exercise
durations compared with baseline. There was however, a nonsignificant
decrease in TG levels that was more pronounced following the 60-minute
exercise session and remained lower for all time periods. Again, this study
may have been limited by the low number of study subjects.

While a number of the previous studies investigated the effects of acute
exercise on LPL activity, very few have reported on changes to hepatic lipase
activity. A study of 12 male runners assessed fasting hepatic lipase activity
24 hours prior to (baseline), 6 hours after and 24 hours after a bout of exercise
expending 800 kcal.

 

36

 

 HDL-C and HDL

 

3

 

 levels were significantly higher 24
hours after the exercise session than before and this was coincident with a
significant increase in LPL and a decrease in HL activities. However, these
results were not corroborated in a more recent study of acute exercise in
sedentary men with normal and elevated levels of cholesterol.

 

37

 

 These
authors investigated a bout of 500 kcal of treadmill running and reported
significant increases in HDL-C and HDL

 

3

 

 along with decreased TG levels 24
hours after the exercise bout compared with 24 hours prior; these lasted for
48 hours. There were no significant changes in HL activity but LPL activity
was increased significantly at 24 and 48 hours after the exercise session. It
is possible that the exercise bout was not a sufficient stimulus to change HL
activity. The inclusion of hypercholesterolemic subjects may also have
affected the results, as it is likely that these individuals already have an
altered lipid metabolism. These results suggest that acute exercise may mod-
ify HL activity and is possibly implicated in the resultant lipoprotein changes
observed, however, changes in LPL activity likely have a much more pre-
dominant role.

Studies of men, both sedentary and previously trained, indicate that TG
levels decrease in the days following activity and HDL-C increases imme-
diately following exercise and may be elevated for up to 24 hours. Some
studies observed immediate decreases to TC and LDL-C as well, but this
was less consistent. The changes in TG and HDL-C appear to be mediated
through changes in LPL and HL and longer exercise bouts result in greater
changes observed over a longer duration following the activity. Investiga-
tions with women are less clear, due to the influence of hormones on serum
lipids and the much smaller sample sizes of these investigations. Of the
studies reviewed, no consistent alteration in serum lipids is apparent, how-
ever, it is likely that exercise does exert some influence on serum lipids that
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may last for 24 hours. It is unclear from the current studies on women
whether exercise intensity affects the lipid changes.

 

D. Effects of Exercise on Other Lipid Parameters

 

A number of other parameters of lipid metabolism have been investigated
with respect to their response to exercise: Lp(a), ox-LDL-C, LCAT and CETP.
Levels of evidence for each vary, and definitive conclusions have not been
reached for all. This section will describe some of the available literature to
date and provide some perspective.

The Lp(a) particle is a lipoprotein that shares some characteristics with the
LDL particle such as a LDL-like core and an apo B protein. The Lp(a) particle
is different in that it is also linked to an apo (a) protein. Interest in the Lp(a)
particle and exercise arises from its implication as a risk factor for coronary
artery disease.

 

38

 

 Two review articles concluded that there is a consistent lack
of association between moderate exercise and Lp(a) levels.

 

39,40

 

 Their conclu-
sions were based on similar levels of Lp(a) between athletes and nonathletes
and the lack of changes in levels following either a chronic or acute exercise
intervention in sedentary and athletic individuals. Two studies did, however,
show a difference in Lp(a) levels following a more intense exercise regimen.
The first study investigated 36 sedentary men and women who trained for
9 months for a 21 km running race.

 

41

 

 At the end of the training session, Lp(a)
levels were significantly higher than baseline for both men and women. This
study did not have a control group to compare with. The second study
investigated 219 men and women with a number of coronary artery disease
risk factors in four different groups: diet alone, exercise alone, diet and
exercise, and control for 1 year.

 

42

 

 The exercise intervention consisted of 1
hour of exercise three times per week at 60% to 80% of measured peak heart
rate. The investigators reported a significant increase in Lp(a) levels for the
exercise and diet and exercise-only groups compared with baseline levels.
These two studies suggest that more structured regular exercise for a long
period of time may modestly increase Lp(a) levels. Neither of the increases
in Lp(a) levels were considered to put the individuals at increased cardio-
vascular risk. It has been suggested that the increased levels may be the
result of adaptations to regular muscle cell damage.

 

40

 

Interest in the oxidation of LDL particles has been studied due to increased
plasma free radical concentration that occurs with intense exercise training.

 

43

 

This led to speculation that regular exercise may increase the concentration
of circulating ox-LDL and thereby impart an increased cardiovascular risk.
However, this has not been borne out in recent investigations. Compared
with sedentary controls of similar age and body mass index (BMI), trained
runners actually had a significantly lower susceptibility for LDL oxidation
as determined by 

 

in vitro

 

 methods.

 

44

 

 This was also observed in comparisons
between groups of adolescent women who participated in gymnastics or
running to controls.

 

45

 

 The authors did not report the measure of ox-LDL
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alone, but noted a significantly lower ratio of ox-LDL:LDL particles in the
group of gymnasts compared with controls that remained significant after
adjusting for BMI differences. The lack of a significant difference between
the controls and the runners was thought to be a result of a lower amount
of exercise participation in the runners (compared with the runners, the
gymnasts participated in nearly double the weekly amount of exercise). Only
one study to date has investigated the effects of an exercise intervention on
ox-LDL in sedentary men and women.

 

46

 

 A total of 104 sedentary men and
women completed a 10-month exercise program that resulted in a significant
increase in VO

 

2max

 

 of 19% and a decrease in weight. The amount of circulating
ox-LDL decreased significantly by 23% and 26% for men and women respec-
tively. While there was no significant change in the antioxidant potential of
LDL particles, the ratio of the antioxidant potential of LDL to LDL-C
increased significantly in men and women. Despite a significant increase in
VO

 

2max

 

 and decrease in weight, these changes did not correlate with changes
in ox-LDL suggesting a possible independent mechanism. These results
indicate that chronic exercise may lead to decreased ox-LDL particles, but it
does not provide insight into the potential of prolonged exercise, which is
most commonly associated with increased free radical production. A study
of 39 men and women found the susceptibility of lipids to oxidation to
decrease significantly immediately following completion of an Ironman tri-
athlon compared with baseline levels assessed 2 days prior to the event.

 

30

 

This occurred regardless of prior antioxidant dietary supplementation. Taken
together, these studies suggest that participation in regular exercise does not
lead to increased levels of ox-LD particles and, in fact, indicates that exercise
may actually reduce the amount of circulation of ox-LDL and the suscepti-
bility of LDL particles to be oxidized.

Two enzymes involved with lipid metabolism, CETP and LCAT, have also
been investigated to elucidate the mechanisms behind the changes in the
various lipid parameters. Investigation of 57 men and women who had
undergone a 9-month exercise regimen revealed that CETP concentration
significantly decreased in both men and women as a result of the exercise
intervention.

 

47

 

 Although not corrected for possible increases in plasma vol-
ume that occur with exercise, the decreased CETP concentration is consistent
with the increases observed in HDL-C. With respect to LCAT, also involved
in the modification of HDL particles, a 1-year exercise program did not result
in any significant changes in LCAT mass compared with the randomly
assigned control group.

 

48

 

 This result is not surprising, given that there were
no significant changes in any of the serum lipids assessed. A study of a group
of sedentary and a group of trained healthy men found that, following a
maximal exercise stress test to exhaustion, LCAT activity increased signifi-
cantly immediately after exercise compared with pre-exercise values in both
groups.

 

49

 

 This occurred coincident with increases in HDL-C. As LCAT is
involved in the maturation of HDL

 

3

 

 to HDL

 

2

 

, one would expect that an
increased LCAT activity would result in greater HDL

 

2

 

 particles, as discussed
previously — exercise is associated with increased HDL

 

2

 

 particles. With only
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a few research studies reporting assessment of CETP and LCAT with respect
to exercise, implicating changes in these enzymes to those in the various
lipoproteins is difficult. However, based on these studies, there is cursory
evidence that changes in CETP and LCAT are consistent with increased HDL-
C levels.

 

IV. Influence of the Menstrual Cycle on Lipids

 

A number of studies have investigated the association between the phases
of the menstrual cycle and serum lipid levels. A study of 54 healthy women
compared serum lipids during the luteal and follicular phase of the men-
strual cycle.

 

50

 

 The authors reported that TC, LDL-C and apo B were signif-
icantly lower during the luteal phase compared with the follicular phase,
while HDL-C and TG were unchanged. A later well controlled study inves-
tigated 16 healthy women during one full menstrual cycle while maintaining
a diet of 30% kcal from fat.

 

33

 

 TC and LDL-C were reported to be lower and
HDL-C levels higher during the luteal phase compared with the follicular
phase. Changes in serum lipid levels were associated with changes in endog-
enous sex hormones. While it is apparent that serum lipid levels change
throughout the female menstrual cycle, this is generally not considered with
respect to timing of lipid assessment.

An important factor to consider when interpreting serum lipid levels in
women is their menstrual status. Premenopausal women tend to have lower
TC, LDL-C and TG with higher HDL-C levels compared with men at a
similar age. However, once menstruation ceases, these differences are less
pronounced, such that postmenopausal women have higher TC, LDL-C and
TG and lower HDL-C than premenopausal women independent of age.

 

51,52

 

V. Female Athletes with Amenorrhea

 

Women presenting with amenorrhea tend to have lower levels of estrogen,
lower percent body fat and a more adverse lipid profile than controls. Com-
pared with sedentary controls, the prevalence of amenorrhea is much higher
in female athletes.

 

53,54

 

 A number of studies investigating whether amenor-
rhea secondary to exercise has negative effects on serum lipids have reported
either no difference in serum lipids,

 

58

 

 a nonsignificant trend toward a more
adverse lipid profile

 

56

 

 or significant adverse differences in lipid profile
among female athletes with amenorrhea.

 

55,57

 

 The studies that reported no
significant differences used small sample sizes and similar BMI and percent
body fat between the eumenorrheic and amenorrheic female athletes. The
largest study conducted compared 24 amenorrheic female athletes with 31
regularly menstruating controls.

 

57

 

 The amenorrheic individuals were slightly
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younger and had significantly higher TC, LDL-C, TG, HDL-C and HDL

 

2

 

levels than the controls. This was coincident with significantly lower estra-
diol and progesterone levels as well as lower BMI, dietary fat content and
a higher training volume in the women with amenorrhea. The serum lipids
of the amenorrheic women were also noted to be much higher than those
reported in the Lipid Research Clinics population for women of the same
age. Due to the elevated HDL-C level in the amenorrheic women, the TC/
HDL-C ratio was similar between groups. A smaller study reported signif-
icantly higher LDL-C levels in eight female athletes with amenorrhea than
in nine regularly menstruating athletes.

 

55

 

 There were no differences between
the two groups with respect to HDL-C levels, BMI, VO

 

2max

 

 or percent body
fat. The women with amenorrhea did, however, consume significantly fewer
dietary calories. The cause of amenorrhea in this population is unclear, but
its presence has been consistently associated with lower estradiol and
progesterone levels as well as lower dietary fat and caloric intake.

 

55-57

 

 Further
research needs to be conducted on this subject, but these studies indicate
that the presence of amenorrhea secondary to exercise may adversely affect
serum lipids. Therefore, assessment of serum lipids in female athletes must
take this into consideration.

 

VI. Methodological Considerations Prior to 
Lipid Assessment

 

A number of factors (physiological and environmental) can dramatically
alter circulating lipid levels and must be considered to determine when to
assess serum lipids and how to interpret the results. These factors include
exercise, menstrual status, weight change, age, alcohol, fasting, smoking and
drugs. As discussed in detail in earlier sections of this chapter, regular exer-
cise can result in decreased TC, LDL-C, TG and apo B and increases in HDL-
C and apo A. Evidence suggests that this can occur due to an acute bout of
exercise and regular exercise participation. Therefore, analysis of lipids
should be avoided within 48 hours of a strenuous bout of exercise. A female’s
menstrual status may also influence lipid levels as discussed above, but these
variations are minimal and should not influence when analyses are con-
ducted. Lipid analysis should also be avoided in subjects who are actively
losing weight, as weight loss can dramatically affect LDL-C, HDL-C and TG
levels; lipids should be assessed once weight loss has finished. Age is another
factor that can influence lipid levels; as one ages, lipid levels may slowly
increase.

 

59

 

 Recent alcohol intake can result in elevation of TG levels.

 

60

 

 To
avoid the effects of alcohol on TG, subjects should abstain from alcohol for
at least 48 hours before a blood sample is drawn. To properly interpret a
comprehensive lipid profile, blood samples should be obtained after an
overnight fast of 12 hours. Fasting is required to interpret the TG levels and
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also to permit the determination of LDL-C. In general, TC and HDL-C levels
are not affected by the fasting state. During the 12-hour fast, subjects are
permitted to drink water only. Smoking is a major factor that has shown to
lower HDL-C levels.61 Several drugs also known to cause hypertriglyceri-
demia include B-blockers, glucocorticoids, exogenous estrogens and retin-
oids. It is not recommended that these medications be discontinued prior to
assessing lipids. Use of anabolic steroids can adversely affect lipid levels
such that TC, LDL-C and TG are elevated and HDL-C is reduced.62 While
timing of lipid assessment need only take into consideration exercise, weight
loss, alcohol and fasting status, it is important to capture numerous other
variables to properly interpret the results.

Lipid analysis is normally conducted in serum. Blood samples should be
centrifuged and serum separated within 1 hour of being drawn. Serum
samples may be stored up to 1 week at 4°C prior to analysis. Serum can also
be stored frozen at –70°C indefinitely but frozen samples should not be used
for lipid particle sizing assays.

VII. Methods

Methods should be standardized to Centers of Disease Control (CDC) –
Cholesterol Reference Method Laboratory Network using appropriate cali-
brators and internal controls. Analysis performance should be monitored
using CDC redeemed external quality control samples. Total cholesterol,
HDL-C and TG are measured using automated enzymatic assays, which use
a series of linked enzyme reactions to generate metabolic products that are
used to produce a colored product from a chromogen (dye). The colored
product generated is measured spectrophotometrically. Total cholesterol
enzyme-based reagents include cholesterol esterase, cholesterol oxidase and
peroxidase. Cholesterol esterase is used to liberate cholesterol and fatty acids
from cholesterol esters. Cholesterol from this reaction is then used to generate
H2O2 using cholesterol oxidase. The H2O2 produced by this reaction is used
to generate a colored product from a chromogen. A commonly used chro-
mogen is 4-aminoantipyrine. HDL-C is measured by precipitating non-HDL
cholesterol with heparin and then measuring the TC remaining in the
extracted serum. Most laboratories measure LDL-C indirectly, using the
Friedewald equation:63

LDL-C = TC – HDL-C – TG/5         (mg/dL)

LDL-C = TC – HDL-C – TG/2.22          (mmol/L)

This equation is valid if the TG levels are less than 5 mmol/L. In those
subjects with TG above 5 mmol/L, LDL-C can be measured directly. Trig-
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lyceride enzyme-based assays use a lipase to hydrolyse triglycerides to
glycerol and fatty acids. Glycerol kinase is then used to phosphorylate the
glycerol liberated by the lipase reaction. Glycerol phosphate is then used to
generate the formation of a colored product (commonly quinone-imine). The
amount of colored product is monitored spectrophotometrically.

LDL and HDL particle size is most commonly measured using sizing gel
protein electrophoresis. A number of reference laboratories may also use
nuclear magnetic resonance to determine LDL and HDL particle size. Apo B
and apo A levels are measured in routine laboratories, commonly using
automated nephelometric assays. Apo B and apo A levels can also be mea-
sured by immunoassays such as radial immunodiffusion and radioimmuno
assays. These assays are generally performed manually and can be done in
small laboratories. Lp(a) is measured by immunoassays, including manual
radioimmunoassy and automated nonisotropic immunoassay analyses.
Commercially available radioimmunoassay kits are available for the assess-
ment of Lp(a).

Assays for LPL and HL have not been standardized and are available
only at reference laboratories. Samples for LPL and HL activity and mass
are obtained 5 minutes following the infusion of 60,000 units per kg weight
of heparin. Standardized protocols must be followed to collect and process
samples, which also must be frozen rapidly to avoid loss of activity and
mass.

Assessment of ox-LDL, LCAT and CETP require specialized assays and
are not widely available other than in research settings.

VIII. Lipid Level Recommendations

Several national and international organizations have established guidelines
and recommendations for lipid levels. For simplicity, reference will be made
to the most recent recommendations from the National Cholesterol Educa-
tion Program recently released.64 Measurement of a full lipid profile (TC,
LDL-C, HDL-C and TG) is recommended beginning at age 20 and then every
5 years after for cardiovascular risk factor screening. Table 11.1 outlines the
classification of the various lipid parameters. In addition to assessing the
standard lipid profile, calculation of the TC/HDL-C ration is also recom-
mended, as this ratio has been demonstrated to have the greatest predictive
power with respect to cardiovascular mortality.65 A TC/HDL-C ratio below
4 is considered optimal, while a ratio above 5 is considered to be high.66

Generally, assessment of other lipid parameters (apo B, apo A, Lp(a), particle
size, LPL, HL, etc.) is not recommended for cardiovascular risk screening.
However, in certain individuals with preexisting disease, assessment of these
additional parameters may be of use in determining attributable risk, such
as those with normal lipid levels or in those believed to have a genetic
predisposition to adverse lipid levels.
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IX. Summary

Based on the numerous investigations, it is well accepted that men and
women who exercise regularly have a more favorable lipid profile compared
with sedentary men and women of a similar age. However, these studies
have not been able to address the question as to whether regular exercise is
responsible for these observed differences. While not all investigations of
sedentary men and women undergoing a regular exercise routine have con-
clusively demonstrated improvements in serum lipids, there is consistent
evidence that HDL-C levels increase while TC, LDL-C and TG levels decrease
compared with either pre-exercise levels or with nonexercising controls.
Many of these studies also noted concomitant reductions in weight, predom-
inantly due to fat loss. Changes in weight make it difficult to determine if
lipid changes are directly due to exercise or indirectly due to exercise-related
weight loss. Those studies that have observed weight loss generally report
greater changes in serum lipid levels. However, none of these studies have
reported changes in lipids to the extent that they approach those levels of
athletes. This is likely because the exercise interventions are not able to

TABLE 11.1

Classification of TC, LDL-C, HDL-C and TG by the 
NCEP64

Total Cholesterol (mg/dL)

< 200 Desirable
200–239 Borderline high
≥ 239 High

LDL-C (mg/dL)

< 100 Optimal
100–129 Near optimal/above optimal
130–159 Borderline high
160–189 High
≥ 190 Very high

HDL-C (mg/dL)

< 40 Low
≥ 60 High

Triglycerides (mg/dL)

< 150 Normal
150–199 Borderline high
200–499 High
≥ 500 Very high
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replicate the intensity, frequency and duration of the exercise practices of
athletes. As a result of these observed effects of chronic exercise, studies also
investigated the effects of acute exercise. Despite a lack of consistent results
due to inconsistencies in methodology across the different studies, acute
exercise exerts an immediate effect on lipid levels that may persist for up to
48 hours. These changes consist of decreased TC, LDL-C and TG and
increased HDL-C demonstrated in men, with changes in lipids in women
not as clear as a result of the limited studies available. Evidence also suggests
that the longer the duration of the activity or the greater the number of
calories expended, the greater the change.

Assessment of serum lipids (TC, LDL-C, HDL-C and TG) in athletes is
recommended to begin at age 20 for the purpose of screening for cardiovas-
cular risk and then every 5 years thereafter. Prior to assessment, it is impor-
tant that individuals abstain from alcohol for a 48-hour period and from
food for 12 hours and it is suggested that they abstain from strenuous
exercise in the 48 hours preceding the assessment. Factors that must be taken
into consideration when interpreting the results include medication use,
menopausal status, age and smoking status.

Despite the great number of studies that have investigated exercise and
lipids, there are still some unanswered questions. Future research should be
directed at investigations of chronic exercise on lipids while controlling for
weight changes, the effect of varying intensities of exercise on both chronic
and acute changes as well as investigations on women using larger sample
sizes.
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I. Introduction

 

During aerobic exercise, the main substrates oxidized are carbohydrate
(CHO) and, to a lesser degree, fat. The oxidation of these fuels follows an
inverse relationship, with the contribution of CHO to energy cost of exercise
becoming greater at high exercise intensities and the contribution of fat
greater at lower intensities.

 

1

 

 The contribution of energy supplied by protein
oxidation to the energy cost of exercise is, however, relatively small. Esti-
mates of the contribution of protein oxidation to the energy cost of exercise
have been made from urea excretion (sweat and urine) and direct measure-
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ments of protein oxidation using amino acid tracers.

 

2-7

 

 While there is some
degree of variation in these estimates, the contribution of protein to endur-
ance-type exercise energy is generally considered to be somewhere from less
than 1% up to the highest estimates of ~5–6% of total exercising energy
expenditure.

 

2,3

 

Of concern to athletes is whether habitual exercise, either aerobic or
resistance-based, increases the need for dietary protein. In theory, an
increase in amino acid oxidation observed during endurance exercise

 

2-6

 

might be accompanied, perhaps, by an increased rate of protein break-
down. Taken together, increased rates of amino acid oxidation and an
increased rate of protein degradation, either from muscle or other tissues
(predominantly splanchnic), along with protein needed to repair the ultra-
structural damage in muscle tissue occurring as a result of some eccentric
component to the activity, could combine to increase an endurance athlete’s
requirement for dietary protein. Certain studies have corroborated the
hypothesis that protein requirements are higher than established require-
ments in endurance-trained athletes.

 

3,5,7-9

 

Resistance exercise is not characterized by high rates of substrate oxidation
and, in fact, during resistance exercise, amino acid oxidation is unchanged
from rest.

 

10

 

 However, during the postexercise period, resistance exercise is
characterized by a period of time lasting as long as 48 h,

 

11

 

 during which rates
of muscle protein synthesis are elevated above resting levels.

 

12-18

 

 The obser-
vation that protein synthesis rates are elevated following acute bouts of
resistance exercise along with observations of increases in lean body mass
(LBM) and muscle hypertrophy following chronic resistance training.

 

19-22

 

Again the increased protein synthesis and greater net protein balance (syn-
thesis minus breakdown), in addition to protein needed to repair any ultra-
structural damage in muscle tissue occurring as a result of some eccentric
component to the activity,

 

23,24

 

 may lead to an increased requirement for
dietary protein in athletes wishing to increase their lean body mass.

 

7,8

 

 Studies
have been conducted in which the protein requirements of resistance-trained
athletes have been directly examined and the protein requirements of these
persons have been determined to be greater than those of comparable sed-
entary persons.

 

3,5,7-9

 

Despite the preceding proposed rationales for why an athlete 

 

might

 

 have
an increased requirement for dietary protein, in addition to some experi-
mental evidence,

 

3,5,7,9

 

 there is also no consensus, at least in peer-reviewed
scientific literature, as to whether habitual resistance exercise increases pro-
tein requirements.

 

25-27

 

 That there is no general concurrence on the issue of
an elevated dietary protein requirement for athletes likely arises from a
number of confounding issues including variability in the intensity, duration
and mode of exercise; variability in the period of adaptation to different
(nonhabitual) protein and energy intakes; and differing methodology. Even
at present it is less than clear what the best method is when it comes to
estimating protein requirements.

 

28,29

 

 Finally, it has been proposed that there
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are inherent problems that may be unsolvable in conducting studies of
protein requirements in habitually active persons,

 

26

 

 which have led to a
flawed interpretation of data from studies in which the dietary protein
requirements in athletes have been found to be elevated.

 

3,5,7-9

 

The purpose of this chapter is to review the available data regarding
protein and amino acid turnover and metabolism that occurs during and
following endurance and resistance exercise in an attempt to determine
whether athletes have elevated protein requirements relative to a sedentary
population.

 

II. Protein Turnover

 

Proteins are constantly and simultaneously being synthesized and degraded
(Figure 12.1). This constant synthesis and degradation provides a means for
rapid response to a particular stimulus, due to the amplified response fol-
lowing a decrease or increase in either synthesis or breakdown. Protein
synthesis is a complex process governed by a number of factors,

 

30,31

 

 including
gene expression, translational mechanisms, amino acid supply and hormonal
milieu. In general, protein synthesis is stimulated by anabolic hormones
(insulin, insulin-like growth factor-I, testosterone and growth hormone) and
also by substrate supply (i.e., amino acids, in particular leucine). While at
least one study has shown that provision of nonprotein substrates (i.e.,
glucose) can stimulate protein synthesis, particularly in the post-exercise
period,

 

32

 

 it is likely that this effect is due to insulin and not nonprotein
calories per se. Another, more recent, study has confirmed that glucose and
lipids do not stimulate protein synthesis.

 

33

 

FIGURE 12.1

 

A schematic representation of protein turnover in muscle showing factors that stimulate both
protein breakdown and protein synthesis. IGF-1 = insulin-like growth factor 1; GH = growth
hormone; AA = amino acid; and Leu = leucine.
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A. Protein Turnover and Endurance Exercise

 

Endurance exercise is fueled for the most part by fat and carbohydrate, but
amino acids are also oxidized. While the contribution of amino acids to
endurance-type activities are small, it is important to appreciate that, if
exercise is of sufficient intensity and frequency, even a small amount of
amino acid oxidation could, cumulatively, impact protein requirements. The
interaction between skeletal muscle demand for oxidizable substrates and
non-muscle sources of such substrates has been the subject of extensive
investigation. Exchange of amino acids between muscle and non-muscle
(primarily splanchnic) compartments is of particular relevance for amino
acid metabolism. It is necessary to gain an understanding of the metabolism
of amino acids, the inter-organ flow of amino acids and how these factors
interact to determine protein requirements.

 

B. Skeletal Muscle Protein Metabolism and Protein Turnover

 

Muscle proteins form the greatest reservoir of protein within the body;
however, their rate of turnover is relatively slow compared with splanchnic
and blood-borne proteins. This slow turnover of muscle proteins means that,
while exercise can induce an acute change in protein oxidation,

 

3,6

 

 changes
in protein breakdown in muscle are not thought to take place in response
to exercise.

 

34-36

 

 However, a suppression of protein synthesis during endur-
ance exercise may mean that more amino acids are available for oxidation.

 

37,38

 

Human muscle can oxidize at least seven amino acids (leucine, isoleucine,
valine, glutamate, asparagine, aspartate and alanine).

 

39

 

 Of these amino acids,
however, oxidation of only the branched chain amino acids (BCAA) appears
to be increased during catabolic states such as exercise.

 

39

 

 Other amino
acids that arise due to intramuscular proteolysis are simply exported from
muscle during exercise.

 

40,41

 

 The vast majority (> 60%) of amino acids exported
from exercising muscle during exercise are in the form of alanine and
glutamine,

 

42,43

 

 a loss that is far greater than their abundance in skeletal
muscle (generally 8–10% of muscle protein).

 

44

 

 Of particular importance to
amino acid flux during exercise is the fact that oxidation of the three BCAA
(leucine, isoleucine and valine), in particular leucine, is accelerated relative
to the oxidation of other amino acids.

 

36,45,46

 

 The increased BCAA oxidation
during exercise is due to the synergistic effects of a high abundance of BCAA
in skeletal muscle protein (~ 20% of all muscle protein, by content) along
with the fact that the activity of the enzymes responsible for the transami-
nation (branched-chain aminotransferases, BCAAT) and subsequent oxida-
tion (branched-chain keto-acid dehydrogenase, BCKAD) are also relatively
high in muscle.

 

47,48

 

The BCKAD enzyme is a mitochondrial-located multisubunit enzyme sim-
ilar to pyruvate dehydrogenase in nature and in the mechanisms of its
regulation.

 

47

 

 Exercise stimulates activation of BCKAD, due possibly to a
decrease in the ratio of ATP/ADP, or an increase in intramuscular acidity.

 

47,49
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In theory, however, because training induces an increase in the number of
mitochondria,

 

50,51

 

 the maximal activity of BCKAD should also increase. How-
ever, endurance training also results in the ability to better defend against
changes in the ATP/ADP ratio;

 

52

 

 hence, the proportion of the active form of
BCKAD would be expected to decrease as a result of training. However,
using leucine oxidation as a surrogate marker of BCKAD activity, the effect
of training on this enzyme complex is entirely inconclusive with studies
showing (1) increases in leucine oxidation following training, (2) no change
and even (3) increases.

 

46,53-57

 

 Recently, in a cross-sectional comparison in
which leucine oxidation was compared at the same relative workload in
trained and untrained athletes, it was concluded that training status did not
affect leucine oxidation, when results were corrected for fat-free mass.

 

57

 

Using a longitudinal design, leucine oxidation and the abundance and acti-
vation state of the BCKAD enzyme were examined in humans by McKenzie
and co-workers.

 

56

 

 In this study, it was observed that, while training increased
the maximal activity of the BCKAD enzyme, the percentage of active BCKAD
during exercise was reduced, as was leucine oxidation,relative to the pre-
trained state, at the same absolute 

 

and

 

 relative workloads posttraining and
that this result was unaffected by correcting for fat-free mass. McKenzie et
al.

 

56

 

 concluded that endurance training actually reduces the exercise-induced
increase in leucine oxidation, due to a reduction in the activation of BCKAD.

Because it appears that muscle does not take up BCAA during exercise,
at least not in appreciable quantities,

 

43,58-60

 

 the increase in leucine oxidation
observed during exercise should arise, for the most part, due to an increase
in muscle protein breakdown within the muscle. An increase in muscle
proteolysis during exercise would then supply leucine and other BCAA to
the intramuscular free amino acid pool. In fact, MacLean et al. have shown
that ingestion of BCAA reduces proteolysis, at least as measured by amino
acid release across the exercising leg.

 

59

 

 However, even the highest estimates
of the rate of protein breakdown that might be occurring during endurance
exercise cannot account for the nitrogen, in the form of amino acids, that
leaves muscle during exercise.

 

61

 

 A reasonable candidate amino acid, which
might supply the source of nitrogen to account for the efflux from muscle,
would be glutamine, given its large quantity in skeletal muscle. At present,
however, no evidence in humans exists to support this idea.

In summary, while muscle has the capacity to oxidize a number of amino
acids, oxidation of the BCAA, particularly leucine, is markedly increased
during endurance exercise

 

2-6

 

 and in direct proportion to exercise intensity.

 

62

 

Despite the acute exercise-induced rise in leucine oxidation, endurance train-
ing appears to decrease, or have no affect on, leucine oxidation at both
absolute and relative workloads.

 

56,57

 

 While leucine and possibly other BCAA
oxidation is markedly increased during endurance exercise, it does not
appear that this can account for the increase in amino nitrogen, carried as
glutamine and alanine, that leaves muscle during exercise. It may be
that muscle is able to take up sufficient quantities of glutamate, which may
also act as a source of nitrogen for formation of alanine and glutamine in
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particular. Of particular interest is that the nitrogen arising from leucine
transamination does not appear to result in increased ureagenesis.

 

63

 

 The
other possible fate of the nitrogen from BCAA transamination occurring in
the muscle, because it is not incorporated into urea, may be incorporation
back into proteins in the liver.

 

64

 

C. Splanchnic Tissue Protein Turnover

 

In addition to skeletal muscle proteins, several other labile pools of protein
also exist, namely splanchnic and blood-borne proteins. The breakdown of
splanchnic proteins during exercise provides amino acids for other tissues,
chiefly muscle.

 

65,66

 

 However, the turnover of blood-bone proteins may also
be stimulated by exercise.

 

64

 

Alanine and glutamine that are released from skeletal muscle during exer-
cise can serve as precursors for gluconeogenesis after the nitrogen is incor-
porated into urea.

 

42,44

 

 Moreover, other amino acids (serine, proline and
glycine) are also taken up in increasing quantities by the liver during pro-
longed exercise.

 

42

 

 This occurs at the same time that there is a marked increase
in the free concentration of amino acids in liver following exercise.

 

67

 

 The
significance of these findings is that liver not only increases the uptake of
amino acids during exercise but that the rate of proteolysis in the liver is
increased markedly by exercise, potentially to provide gluconeogenic carbon
skeletons. The ~10–12% decrease in liver protein content following 2–3 h of
exhaustive exercise that was observed by Kasperek

 

68

 

 lends some support to
the contention that the proteolysis within the liver is increased to potentially
provide amino acids for gluconeogensis. What is bewildering, however, is
how increase in hepatic protein breakdown

 

68

 

 and increased amino acid
uptake

 

42

 

 during exercise can be reconciled with a lack of increase in urea
production.

 

34,63,64

 

Other investigations have also shown that exercise stimulates the gut

 

69

 

 and
liver

 

65

 

 to release essential amino acids either as a result of an increase in
proteolysis or a reduction in the synthetic rate of proteins, either of which
would allow for more free amino acids to leave their respective tissues. The
fate of the amino acids released from either gut or liver may be to provide
gluconeogenic precursors to maintain glucose homeostasis

 

69

 

 or to provide
other tissues such as muscle with a source of fuel.

 

65

 

 Recent measurements
of gut mucosal protein synthetic rates in humans show that this tissue has
a much higher (~50-fold) fractional protein synthetic rate than that of mus-
cle.

 

70

 

 Hence, even a small exercise-induced suppression in the protein syn-
thetic rate of the gut would allow amino acids to be released. The idea that
during exercise the gut could act as a labile pool of amino acids for other
tissues, including liver and muscle, is an interesting one but also one that
would appear difficult to study in humans.

As previously commented, a confusing observation with respect to protein
turnover and of importance in a discussion of protein requirements, is the
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observation that increased uptake of amino acids by the liver and an appar-
ent increased hepatic proteolysis does not result in appreciable urea forma-
tion.

 

34,63,64

 

 This observation is particularly important when one considers the
fact that nitrogen uptake by the liver during endurance exercise is almost
complete (i.e., uptake matches delivery).

 

69

 

 A possibility that could explain
this phenomenon is that the amino acids could have been incorporated back
into plasma proteins, as suggested by the results of Carraro et al.

 

64

 

 Such a
hypothesis, depending on the efficiency of this “recycling” of nitrogen, has
obvious implications for protein requirements. It remains to be seen whether
similar increases in the fractional turnover rates of other plasma proteins
can be observed and what effect higher intensities of exercise might have on
this protein cycling.

 

III. Protein Turnover and Resistance Exercise

 

Proteins are constantly and simultaneously being synthesized and degraded,
This turnover of body proteins serves several functions:

• Replacement of damaged proteins

 

23,24

 

• Degradation of proteins to supply amino acids for oxidation
• Remodeling of proteins due to external stimuli such as changes in

hormone concentration or resistive contractile activity

Both repair of damaged proteins and remodeling of structural proteins
appear to occur as a result of a resistive exercise stimulus.

 

71-73

 

 However, in
human muscle, the process of myofibrillar protein turnover, at least that
induced by resistive exercise, appears to be a relatively slow one.

 

74-77

 

 This
slow turnover of muscle proteins means that resistive exercise, while it can
induce changes in muscle fiber type and increase fiber diameter, requires a
repeated exercise stimulus and a relatively prolonged period of time (at least
4 weeks) to see the outward change in phenotype (fiber type) and longer
periods (at least 6–8 weeks) to observe hypertrophy.

 

21,74,77-79

 

 Because resis-
tance exercise does not induce an acute increase in protein turnover nor
oxidation,

 

10

 

 it is the postexercise period when changes in muscle protein
turnover, more specifically an increase in muscle protein synthesis, occur;
this assertion has been confirmed numerous times in both animals

 

80-82

 

 and
humans.

 

11-16

 

Resistance exercise results in fundamentally different adaptations com-
pared with those induced by endurance exercise, because the result is an
increase in muscle fiber diameter.

 

83-85

 

 To allow an increase in fiber diameter,
there must be synthesis of new muscle proteins, ~60–70% of which are
myofibrillar,

 

86

 

 mostly actin and myosin,

 

87,88

 

 in nature. During the period of
fiber hypertrophy there also needs to be a net positive protein balance, that
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is, muscle protein synthesis must chronically exceed muscle protein break-
down. A variety of investigations have shown that resistance exercise stim-
ulates mixed muscle protein synthesis

 

11,13,14,16

 

 in trained and untrained
subjects. The time course of protein synthesis following an isolated bout of
resistance exercise appears to be somewhat different in untrained subjects,
for whom changes in mixed muscle protein fractional synthetic rate (FSR)
persist for up to 48 h post-exercise.

 

11

 

 Mixed muscle protein FSR in trained
persons is back to resting levels by 36 h postexercise, suggesting a diminished
synthetic response in protein turnover in trained persons.

 

89

 

 Results from
cross-sectional comparisons also show that prolonged resistance training
actually attenuates the acute immediate response of muscle protein synthesis
to an isolated bout of resistance exercise,

 

12,82

 

 which might be expected as a
general adaptation response to training. Recently, we have confirmed these
cross-sectional findings

 

12,82

 

 using a longitudinal design (S.M. Phillips and
M.A. Tarnopolsky, unpublished observations). The implications of these
findings

 

12,82,89

 

 are that trained persons would likely require less protein to
support the maximal synthetic response to a given workout.

While resistance exercise stimulates an increase in the synthetic rate of
muscle proteins,

 

11,13,14,16

 

 there is also a concomitant increase in the rate of
muscle protein breakdown.

 

11,12,16

 

 The tight relationship between muscle pro-
tein synthesis and breakdown has been observed in a number of studies
where the two variables have been simultaneously measured.

 

11,12,16,90

 

 In fact,
a hypothesis has been advanced that describes the link between muscle
protein synthesis and breakdown, in combination with amino acid supply,
as being critical in determining the degree of post-exercise muscle protein
accretion or reduction.

 

91,92

 

Using a surrogate marker of muscle myofibrillar protein degradation, uri-
nary 3-methylhistidine (3-MH), others have observed increases

 

93-95

 

 or no
change

 

11,14,96

 

 following resistance exercise. It is unclear why there is such dis-
parity in the results from studies using 3-MH as an indicator of muscle pro-
teolysis and results from studies in which muscle protein breakdown has been
directly measured. The pitfalls of using 3-MH as an index of muscle protein
degradation are well documented, however, and are related to the unknown
contribution of splanchnic tissue proteolysis, which contains significant quan-
tities of actin.

 

97

 

 Given the observation that protein synthetic rates in intestinal
tissue are almost 50 times higher than those of muscle,

 

70

 

 it is not unreasonable
that breakdown rates in intestinal tissue might be similarly elevated relative
to those observed in skeletal muscle. If one also considers the observation that
exercise induces a significant increase in splanchnic tissue protein degrada-
tion,

 

65

 

 then the utility of 3-MH in measuring exercise-induced muscle myo-
fibrillar protein breakdown is likely limited at best.

In studies where protein degradation has been directly measured follow-
ing resistance exercise, it has consistently been shown that resistance exercise
stimulates muscle protein degradation.

 

11,16,98

 

 In every study that has mea-
sured muscle protein balance (synthesis minus breakdown) following resis-
tive exercise, it has also been shown that, while synthesis is markedly
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elevated (in some cases > 150% above baseline levels) muscle balance is
negative

 

11,12,16

 

 until amino acids are provided either intravenously (to simu-
late postprandial concentrations) or orally.

 

17,99,100

 

 This feeding-induced stim-
ulation of muscle protein synthesis

 

17,99-102

 

 has been shown to be independent
of insulin

 

103

 

 and is likely reflective of an increased delivery of amino acids
to the intramuscular free pool.

 

92,104

 

Increases in mixed muscle protein synthesis induced by resistance exercise
can be relatively large (i.e., > 150% above resting).

 

11,13,14,16

 

 Until the appear-
ance of some recent studies,

 

87,88

 

 the increase in 

 

mixed

 

 muscle protein synthesis
seen after resistance exercise could not conclusively be established as the
result of an increase in myofibrillar protein synthesis per se.

 

11,12,14

 

 While a
resistance exercise-induced increase in myofibrillar protein synthesis may
seem intuitive, because resistance exercise eventually results in hypertrophy
as a result of the accumulation of force-producing myofibrillar proteins,

 

83-85

 

recent studies have now established that this is the case.

 

87,88

 

 These findings
clearly establish that the increases in 

 

mixed

 

 muscle protein synthesis observed
following exercise

 

11,13,14,16

 

 are predominantly due to myofibrillar protein syn-
thesis, most likely of myosin heavy chain and actin.

 

87,88

 

 This conclusion gains
further weight when one considers that myofibrillar proteins compose the
majority of proteins in muscle.

Several studies have now been published in which the adaptations in mus-
cle cross-sectional area and muscle fiber characteristics following resistance-
training programs were reported for females.

 

74,76,84

 

 These investigations have
shown that, despite a markedly (~10-fold) lower serum testosterone concen-
tration, women who follow a progressive resistive program will demonstrate
skeletal muscle hypertrophy.

 

84

 

 In addition, resistance exercise training in
women results, quite rapidly, in changes in strength and muscle fiber char-
acteristics similar to those that occur in males.

 

74

 

 However, the results from
Alway et al.,

 

84

 

 examining highly trained resistance athletes of both sexes,
show that highly trained males have greater muscle cross-sectional area
(~76%) and muscle fiber diameters (~100%) than highly trained female body-
builders. These findings indicate that longer-term training results in differ-
ences that favor greater muscle hypertrophy in male athletes. Despite the
obvious differences in testosterone concentration, an intriguing question is
whether there is a sexually dimorphic response that favors males in the
exercise-induced expression of the muscle-derived autocrine form of insulin-
like growth factor 1 (IGF-1, recently termed MGF for muscle growth fac-
tor),

 

107

 

 which has recently been shown to have marked effects on muscle
hypertrophy

 

105,106

 

 (see reference 107 for review); this hypothesis remains to
be tested, however.

Resistance exercise induces an increase in muscle fiber size provided a
progressive stimulus of sufficient intensity is applied. The increased fiber
size is due to a chronic period where protein synthesis has exceeded protein
breakdown. During this period, new proteins are added to preexisting fibers;
existing proteins are likely degraded at a higher rate as a result of the resistive
stimulus. Which degradative pathway(s) are responsible for this increased
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proteolysis is unknown; however, recent evidence has shown that the ATP-
dependent ubiquitin-proteasome pathway (AUPP) is upregulated in
response to chronic muscle stimulation.

 

108

 

 It seems reasonable to suggest that
the AUPP, given the proportion of proteolysis accounted for by this path-
way,

 

109

 

 is also activated and active in the remodeling of muscle proteins seen
during resistance exercise. It has recently been demonstrated that the exercise-
induced increases in protein synthesis are due to increased synthesis of
myofibrillar proteins, which would be predicted simply based on the protein
composition of muscle. Whether the increases in protein synthesis that are
induced by resistance exercise result in an increase in protein requirement,
as is the popular impression, will be examined subsequently.

 

IV. Protein Requirements

 

Figure 12.1 shows the general scheme of protein turnover that occurs in all
body tissues. A very high percentage of all amino acids that are released into
the intracellular free amino acid pool are reincorporated back into protein,
but not all amino acids are “recycled.” Those amino acids that are lost from
the amino acid pool are, for the most part, transported back to the liver,
where they are metabolized and their nitrogen is released as urea. Because
some amino acids cannot be synthesized in human tissue (i.e., essential
amino acids) and intracellular reuse (i.e., reincorporation of amino acids
arising from protein breakdown, see Figure 12.1) is not 100% efficient, we
have a daily requirement for dietary protein.

 

A. Habitual Protein Intakes

 

Having established the fundamental processes by which protein require-
ments 

 

might

 

 be elevated in athletes, any discussion of how much dietary
protein these persons do require must be preceded by an analysis of how
much protein athletes and habitually exercising persons consume on a daily
basis. Tables 12.1 and 12.2 show, respectively, the reported habitual dietary
protein intakes of persons engaged in regular endurance activities (running,
cycling and triathlon training) and resistive training.

As is plainly obvious from both tables, all athletes are reportedly con-
suming in excess of 

 

all

 

 current recommended levels of protein intake
including the Recommended Nutrient Intake (RNI; Canada), Recom-
mended Dietary Allowance (RDA; USA), the World Health Organization
and even the most recent Dietary Reference Intakes (DRI; Canada and
USA).

 

119-122

 

 The only group of athletes that may be at risk for suboptimal
protein intakes, if one accepts that athletes’ reported dietary intakes are
accurate with respect to the recommended intakes for protein, might be
female endurance athletes (see Table 12.1). Such a supposition should be
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cautionary, however, because it is documented that females — and athletic
females in particular — habitually underreport their energy intakes;123,124

hence, it is likely that females also underreport their protein intake.
Another group of athletes, who fall into a separate category and deserve
particular attention from a nutritional standpoint, are female athletes
involved in sports that engender a regrettable preoccupation with the
weight- and esthetically oriented facets of competition and performance
(i.e., gymnasts, figure skaters and dancers). These athletes are well known
for their “marginal” nutritional practices and should be appropriately
instructed, in concert with their coaches and parents or guardians, as to
how they should achieve optimal performance through their diet involving
neither overly restrictive nor disordered patterns of eating.125,126

Despite an apparent adequate consumption of protein by most athletes,
many have pointed out that the recommended protein intakes do not contain
a necessary allowance for physical activity.3,5,7-9 This apparent “oversight” in
setting protein requirements could possibly be due to a number of reasons:

TABLE 12.1

Habitual Reported Protein Intakes for Endurance-
Trained Athletes

Reference N
Protein Intake 

g protein/kg–1/d–1

110 51 (female)a 1. 6 ± 0. 6
111 13 (female, EM) 1. 1 ± 0. 5

14 (female, AM) 1. 2 ± 0. 5
112 6 (female, EM) 1. 3 ± 0. 4

11 (female, AM) 1. 0 ± 0. 5
113 17 (female, EM) 1. 0 ± 0. 4

11 (female, AM) 0. 7 ± 0. 4
3 6 (male) 1. 9 ± 0. 2

6 (female, EM) 1. 0 ± 0. 1
114 5 (male) 2. 2 ± 0. 5

2 7 (male) 1. 8 ± 0. 4
8 (female, EM) 1. 0 ± 0. 2

8 6 (male) 1. 5 ± 0. 3
115 8 (male) 1. 9 ± 1. 0

8 (female, EM) 1. 2 ± 0. 3

Means 32 (male) 1.8 ± 0.4b

109 (female, EM) 1.2 ± 0.3c

36 (female, AM) 1.0 ± 0.4d

Values are means ± SD

EM – eumenorrheic

AM – amenorrheic
a menstrual status not stated (assumed to be EM, unless

otherwise indicated)
b 14 ± 2% of total reported energy intake
c 13 ± 3% of total reported energy intake
d 15 ± 1% of total reported energy intake
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In general, protein requirements are not elevated in any group of habitually
exercising (be it endurance- or resistance-type activities) persons. Moreover,
even if protein requirements were increased for athletes, the population
requirements plus the built in safety margin inherent in all current
recommendations119-122 are more than adequate to compensate for any
increase in requirement for dietary protein.

Those setting the protein requirements believe that because (see Tables
12.1 and 12.2) people who perform regular exercise, and the North American
population in general, have above-requirement intakes of protein, it is not
necessary to make any increased allowance.

The percentage of the general population who perform enough exercise to
elevate their protein requirements is not sufficient to warrant inclusion of their
increased requirements in current recommendations. It should, however, be
noted that many have noted that habitual performance of physical activity
does not increase protein requirements and may, in fact, increase the efficiency
of protein use and hence actually decrease the need for protein.25-27,127,128

B. Protein Requirements for Endurance Trained Athletes

Numerous methods have been used to examine protein metabolism in athletes
and sedentary persons alike, but requirements for dietary protein have always

TABLE 12.2

Reported Habitual Protein Intakes in 
Resistance-Trained Athletes and 
Bodybuilders

Reference N
Protein Intake 

g protein/kg–1/d–1

13 12 (BB) 1. 6 ± 0. 5
116 76 (BB) 2. 4 ± 0. 6
25 26 (BB)a 1. 9 ± 0. 5

117 12 (BB) 1. 4 ± 0. 2
32 10 (RA) 1. 6 ± 0. 2

118 30 (RA) 2. 5 ± 0. 8
6 (BB) 2. 3 ± 0. 7

8 6 (BB) 2. 7 ± 0. 5
7 7 (RA) 1. 8 ± 0. 4

Mean 138 (BB) 
47 (RA)

2. 1±0. 5b

2. 0±0. 4c

Values are means ± SD

RA – resistance-trained athletes (includes foot-
ball and rugby players)

BB – bodybuilders
a includes both males and females
b 19 ± 3% of total reported energy intake
c 18 ± 2% of total reported energy intake
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been and continue to be determined using nitrogen balance measurements.
This is in spite of criticism suggesting inherent flaws in the nitrogen balance
approach for determining protein requirements that can result in spurious
results.26,129-131 A suggested alternative approach to using only nitrogen bal-
ance, which has been implemented in both sedentary and exercising individ-
uals, has been the inclusion of amino acid tracer methodologies.129,130,132,133

Despite the criticisms of the nitrogen balance method, however, it is still the
method used to establish protein requirements for sedentary individuals;119-122

hence, a review of the dietary protein requirements for athletes should include
only those studies that have used this methodology.

When male and training-matched females were fed the Canadian RNI for
protein for a period of 10 days prior to a 3-day nitrogen balance experiment,
it was observed that all athletes were in negative nitrogen balance.3 In addi-
tion, by utilizing a stable-isotope-labeled infusion of leucine to examine
protein turnover during a 90-minute (65% of peak oxygen uptake) run in
both males and females, an attempt was made to determine a possible
mechanism of the increased requirement for protein.3 It was observed that
90 minutes of moderate-intensity exercise resulted in leucine oxidation dur-
ing exercise that was 70% greater in trained male athletes than in their
training-matched female counterparts.4 Calculations revealed that ~ 90% of
the negative nitrogen balance could be accounted for by the leucine oxidation
that occurred during the 90-minute exercise bout, assuming an average value
for tissue leucine content.3 The sex-based difference in leucine oxidation was
a main effect, however, and the increased leucine oxidation was evident at
rest in the male athletes.3 Subsequently, measurements of BCKAD activity
have shown that, at rest, females had a lower activity than male.s56 It is
unclear, however, whether the results obtained3 can be generalized to include
conditions when adequate protein intakes are consumed, because the afore-
mentioned subjects were in negative nitrogen balance.

Studying habitually exercising athletes, Friedman and Lemon9 conducted
experiments to determine nitrogen balance and dietary protein requirement
when athletes were consuming two levels of protein intakes. On the low intake
(~ 0.86 g protein·kg–1·d–1) the athletes were in negative nitrogen balance. Both
of these studies3,9 indicate that the Canadian RNI and the USA RDA for protein
(0.86 g protein·kg–1·d–1) were inadequate for habitually exercising athletes. The
mean protein intake to maintain zero nitrogen balance, in a group of middle-
aged and young endurance athletes, was 0.94 g protein·kg–1·d–1 (~ 109% of the
protein RNI/RDA), which translated into an actual “safe” protein requirement
(i.e., included an estimate to cover all individuals) of 1.26 g protein·kg–1·d–1.5,120

A weakness of the previous studies, however, was the failure to include any
sedentary controls.3,5,9 When a sedentary control group was included, Tarnop-
olsky et al.8 found that protein requirements of a group of endurance athletes
were 1.67 times those of the control group; this finding resulted in a calculated
daily protein requirement of 1.6 g protein·kg–1·d–1(~ 186% of the RNI for
protein). A potential weakness of this study,8 however, was that all of the
protein intakes fed to the participants were above requirement, which may
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have biased the estimates toward higher dietary requirement estimates.25 It
should be pointed out that in all the studies mentioned above,3,5,8,9 the adap-
tation periods to the protein intake(s) studied were at least 10 days in duration,
which appears to be adequate for adaptation of specific urea cycle and other
protein metabolic enzymes.134

A retrospective analysis of nitrogen balance data3,5,8,9 collected in people
performing reasonably intense aerobic-based exercise reveals that nitrogen
balance is generally negative when these people consume protein at or near
the RNI/RDA/DRI. In fact, Figure 12.2 shows a graph of reported nitrogen
balances (46 data points) seen at various protein intakes in endurance-trained
athletes.3,5,8,9 A regression line drawn through these data shows that nitrogen
balance is achieved at a protein intake almost 24% greater than the RDA/RNI/
DRI (1.07g protein·kg–1·d–1; see Figure 12.2). Inclusion of a 95% confidence
interval to the regression line to achieve zero balance to provide a margin of
safe intake given the small numbers of athletes examined in the studies
included in the analysis, yields a safe protein intake of 1.11 g protein·kg–1·d–1,
which is almost 30% greater than the current RDA/RNI/DRI (see Figure 12.1).
The evidence presented in Figure 12.2 would appear to be rather convincing,
to most, that endurance-based exercise elevates the requirement for dietary
protein. Other researchers who have examined the issue of protein require-
ments in exercising humans have concluded, however, that endurance exercise
does not elevate the requirement for dietary protein.27,128,135 In the latter studies,
it was shown that exercise actually improves the economy of nitrogen (protein)
utilization;27,128,135 however, high quality egg protein was being ingested and
all subjects were meticulously monitored to ensure they were in energy bal-
ance. A diet based entirely on egg protein differs from that used in previous
studies in which protein was from mixed sources, which would likely be more
reflective of what an athlete habitually ingests.3,5,8,9 Further, in at least two of
the previous studies, the athletes were checked to ensure that they were
weight-stable,3,8 meaning that energy balance must have been sufficient. How-
ever, in conflict with the finding that exercise training increases the require-
ments for dietary protein,3,5,8,9 chronic aerobic exercise (training) results in a
reduction, or at least no change, in the exercise-induced rise in leucine oxida-
tion.56,57 Other data, in which prolonged isotope infusions were utilized, have
also shown that two exercise bouts (90 minutes, each at 50% of VO2 peak) resulted
in neither negative leucine nor nitrogen balance while consuming 1 g pro-
tein·kg–1·d–1 (~ 100 mg leucine·kg–1·d–1).35 In addition, estimates of protein
turnover from leucine oxidation, which was only moderately increased (a
minimal estimate of the increase in leucine oxidation was 27% above resting,
whereas a maximal estimate was closer to 45%, depending on which bicar-
bonate retention factor was employed) during exercise, compared quite well
with protein turnover data from urea nitrogen kinetics, which showed very
little change throughout rest, exercise and recovery.35 Hence, on a day-to-day
basis, these researchers35 concluded that despite a total of 3h of moderate
exercise (one 1.5-h bout during the fed-state and one 1.5-h bout while fasted),
could be supported by a protein intake of only 1 g protein·kg–1·d–1.
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In extreme conditions of strenuous daily exercise, such as the Tour de
France, lean body mass can be maintained when energy requirements are
adequate.114 These findings114 are particularly impressive when one considers
that the daily energy expenditures of these athletes were in the range of
27–38 MJ·d–1 and nitrogen balance was not significantly different from
zero.136,137 It should be made apparent, however, that protein intakes in these
athletes were always > 1.4 g protein·kg–1·d–1.136,137

Several investigations, which have utilized nitrogen balance method-
ology, support the thesis that endurance exercise increases the require-
ment for dietary protein in endurance athletes.3,5,8,9 It is important to
mention that several studies have found that endurance exercise pro-
grams have actually reduced dietary protein requirements due to an
improvement in the nitrogen retention.27,128,135 The exercise-induced
increase in nitrogen retention could, however, be a reflection of accom-
modative mechanisms, possibly due to a reduction in protein synthesis
of a particular protein or muscle proteins in general, rather than an
improved “economy of nitrogen utilization” as hypothesized by the
authors.27,128,135 Because no dynamic mechanisms can be determined from
nitrogen balance data, neither an accommodative nor an improved econ-
omy hypothesis can be conclusively given for the findings.27,128,135 This
highlights one of the greatest shortcomings of the nitrogen balance
method; that is, the “black box” approach to determining protein require-
ments; where protein in minus protein out equals requirement with no
understanding of how or why these findings occurred.

FIGURE 12.2
Nitrogen balance data from four studies that have reported nitrogen balance and protein
requirement data for endurance-trained athletes. Data are taken from references 3, 5, 8 and 9.
Numbers within brackets beside authors’ names are approximate protein intakes in g pro-
tein·kg–1·d–1.
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Some studies that have examined the “extremes” of endurance exercise
tolerance have showed that maintenance of nitrogen balance can be
achieved when energy balance is maintained.114,136,137 Finally, it is difficult
to reconcile a finding of increased protein requirements for endurance ath-
letes (Figure 12.2) with the observation that exercise training results in a
reduction in leucine (and hence protein) oxidation and BCKAD activation.56

Obviously, the issue of protein requirements for endurance athletes is one
that is difficult to settle absolutely. From a purely research-based perspec-
tive, however, it would appear (Figure 12.2) as if protein requirements are
greater than those for sedentary persons. How much greater an athlete’s
requirements for dietary protein are would likely depend on training status,
frequency and intensity of training and a host of other factors. Moreover,
in longitudinal studies, as opposed to the mostly cross-sectional data pre-
sented in Figure 12.2, nitrogen balance actually adapts with exercise training
to become more positive.27 These findings27 are consistent with data that
has shown a training-induced reduction in the exercise-induced activation of
the rate-limiting enzyme for BCAA oxidation, BCKAD.56 Similar findings
of an exercise-induced increase in efficiency of protein use have been
reported when day-to-day nitrogen balance was examined in persons begin-
ning an exercise program (Figure 12.3). Moreover, in an early study by
Gontzea and others,138 nitrogen balance became transiently negative at the
onset of an exercise-training program, but the subjects were able to achieve
zero nitrogen balance after 10–15 days of training consuming 1 g pro-
tein·kg–1·d–1. It is unknown whether what was reported138 (see Figure 12.3)
constitutes a transient increase in the oxidation and breakdown of protein,
after which enzymes have adapted, or an accommodative mechanism129,130

that has resulted in the suboptimal rate of incorporation of amino acids into
protein (i.e., muscle protein). In addition, the impact that energy balance
has on protein requirements is highlighted when one recognizes that the
subjects that Gontzea et al.138 studied were consuming energy intakes 10%
greater than their calculated requirement, even when they began their daily
exercise protocol. In fact, the energy balance of an athlete may be the most
important factor, even more so than protein intake, in the determination of
a requirement for dietary protein. Because, if energy balance can be
achieved, then nitrogen balance can also be achieved, even at what would
generally be considered low-to-marginal protein intakes.27,128 Moreover, it
has been known for some time that consumption of carbohydrate is protein
sparing;32,139 hence, the recommendation that endurance athletes consume
a high-carbohydrate diet to enhance their performance126 may also result in
conservation of body protein. Therefore, from a practical perspective, any
increase in dietary protein requirements (Figure 12.2) may be somewhat
immaterial, provided athletes are consuming a mixed diet containing suffi-
cient energy to cover their daily energy expenditure. If such is the case, they
will almost certainly be getting enough protein to cover requirements, par-
ticularly if they are consuming a diet relatively high in carbohydrates
(a usual recommendation is for a competitive athlete to consume > 6 g
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carbohydrate·kg–1).126 From a practical perspective therefore, it makes more
sense and is more appropriate to recommend that likely more than 10%, no
more than 15%, and at most 20% of dietary calories come from protein. This
recommendation holds so long as athletes are consuming a mixed diet (one
that follows current guidelines is more than sufficient)140,141 with sufficient
energy. At risk for developing a deficiency in terms of their protein intake
are those athletes who consume marginal energy intakes.126 These athletes,
almost exclusively females,125 should be monitored closely, not only for low
protein intake, but also because they are likely at risk for developing other
nutritional deficiencies.126

C. Protein Requirements for Resistance Trained Athletes

Tarnopolsky and co-workers8 conducted a study using the nitrogen balance
approach to examine the protein requirements of a group of resistance-
trained athletes and a group of sedentary controls. As pointed out earlier,
Tarnopolsky et al.10 have demonstrated that an isolated bout of resistance
exercise did not increase leucine oxidation or perturb whole body protein
turnover, likely because of the periodic recovery that occurs during a resis-
tance vs. an endurance workout. Hence, it would appear that any extra
protein required by strength-trained individuals is likely directed toward
muscular hypertrophy in the earlier phases of training, when muscle mass
is still increasing. However, it should be stressed that, in highly trained
powerlifters and bodybuilders, it is unlikely that dietary protein require-
ments are elevated much more than those of a sedentary person. In fact, any
increase in protein requirements for such a highly trained group of individ-
uals is likely only due to an increased rate of resting protein turnover. In
support of the idea that training might induce an increase in resting muscle
protein turnover, protein requirements of highly trained bodybuilders were
found to be only 12% greater than those of sedentary controls, who had a
protein requirement of 0.84 g protein·kg–1·d–1.8 The results of this study8 do
highlight a puzzling result, however, that is evident in Figure 12.4. For
example, on a protein intake (actually equivalent to the habitual protein
requirement of bodybuilders) of ~2.8 g protein·kg–1·d–1, all bodybuilders
were in highly positive nitrogen balance (~12-20 g N·d–1). When extrapolated
back to actual protein, this would have meant that the bodybuilders should
have gained ~ 300–500g of lean mass/d–1 (assuming muscle is 75% water
and assuming that no other pool of body protein significantly increased in
size), which obviously did not occur.8 The increasingly positive nitrogen
balance, associated with higher protein intakes, that was observed in this8

and other7,117 studies is often incorrectly used to justify why high protein
intakes are needed for resistance-trained athletes. Such shortcomings of
nitrogen balance have long been recognized and have led to the recommen-
dation of combining tracer and nitrogen balance approaches to determining
protein requirements.130,142
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Using a combination of nitrogen balance along with kinetic measurements
of whole-body protein turnover, football and rugby players had protein
requirements almost ~ 100% greater than those of a sedentary control group.7
In fact, consumption of the low-protein diet (0.86 g protein·kg–1·d–1) by the

FIGURE 12.3
The time course of adaptation in nitrogen balance, following the initiation of endurance exercise
training in novices (adapted from Gontzea et al.138). All subjects were consuming 1 g pro-
tein·kg–1·d–1throughout the experiment and energy 10% greater than their calculated require-
ment. Values are means ± SD.

FIGURE 12.4
Nitrogen balance data from four studies that have reported nitrogen balance and protein
requirement data for resistance-trained athletes and bodybuilders. Data are taken from refer-
ences 7, 8, 117 and 143. Numbers within brackets beside authors’ names are approximate protein
intakes in g protein·kg–1·d–1.

-10 -5 0 5 10 15 20
-4

-2

0

2

4

initiation of 6 x 20 min cycle
exercise sessions • d

-1

days

N
it

ro
g

en
 b

al
an

ce
(g

 •
 d

-1
)

0.5 1.0 1.5 2.0 2.5 3.0 3.5

-5

0

5

10

15

20

25

Campbell (0.8)

Tarnopolsky (0.86)

Tarnopolsky (1.0)

Lemon (1.3)

Tarnopolsky (1.5)

Campbell (1.6)

Tarnopolsky (2.4)

Tarnopolsky (2.5)

Protein intake (g •  kg-1  • d-1)

N
it

ro
g

en
 b

al
an

ce
 (

g
 •

  d
-1

)

0927_C12_frame  Page 300  Thursday, March 21, 2002  2:15 PM



Assessment of Protein Status in Athletes 301

strength trained group resulted in an accommodated state where whole body
protein synthesis was reduced compared with the medium (1.4 g pro-
tein·kg–1·d–1) and high protein (2.4 g protein·kg–1·d–1) diets.

In contrast to the results of Tarnopolsky et al.,7,8 nitrogen balance studies
conducted in the elderly have shown that initiating a moderate program of
strength training resulted in reduced protein requirements due to the anabolic
stimulus of the resistance exercise.143 However, even following 10 weeks of
comparatively mild resistance training, there was no evidence of muscle
hypertrophy in people consuming either 0.8 or 1.6 g protein·kg–1·d–1. The
results of Campbell et al.143 are remarkably similar to those reported by Torun
et al.127 showing that isometric exercise improved protein utilization. Hence,
while resistance exercise did improve nitrogen balance,143 the results of Camp-
bell and co-workers and Torun et al.127 may not be directly applicable to
younger resistance training athletes who are trying to gain lean mass and
stimulate hypertrophy. Nonetheless, support for the possibility that more
intense resistance exercise can improve nitrogen economy can be seen in the
results of Phillips et al.,11 who showed that, in the fasted state, an isolated bout
of resistance exercise resulted in increased muscle net protein balance, imply-
ing an improved intracellular reutilization of amino acids. Others have also
observed that exercise per se vs. the creation of an energy deficit via diet,
results in improved dietary protein retention.27,127,128 That the athletes studied
by Tarnopolsky et al.7,8 were all highly trained at the time of study and were
performing exercise that was more intense than that described in the studies
that showed a reduction in protein requirements,27,138,143 may be a reason for
the discrepancy. It is of paramount importance to understand the concepts of
adaptation and accommodation in regards to protein requirements,129,130,142

particularly where athletes are concerned. This contention is highlighted by
studies that have shown that protein balance can be achieved in exercising
persons at very low to moderate protein intakes (i.e., ~ 1 g protein· kg–1·d–1or
less),27,35,127,128,138,143 albeit at rather modest levels of exercise. It has been empha-
sized that obtaining nitrogen balance, particularly in long term studies, may
be less reflective of requirement but rather of mechanisms that result in an
accommodated state.130 At issue is whether the accommodation, by athletes,
to the lower protein intakes results in a reduced level of synthesis of some
protein(s) that might eventually compromise performance; however, to sub-
stantiate such a proposition would be very difficult given the inherent prob-
lems in conducting long-term studies involving dietary control in athletes.
Millward25,26 has detailed some of the reasons questions of protein require-
ments are hard to determine in an exercising population.

A retrospective analysis of nitrogen balance data7,8,117,143 from persons (50
data points) who were in a steady state of training and performing structured
rigorous training involving resistance exercise is shown in Figure 12.4. A
regression line drawn through these data show that nitrogen balance is
achieved at a protein intake almost 46% greater than the RDA/RNI/DRI
(1.26g protein·kg–1·d–1; see Figure 12.4). Inclusion of a 95% confidence interval
in the regression line to achieve zero balance yields a safe protein intake of
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1.35 g protein·kg–1·d–1 (Figure 12.4) or almost 60% greater than the current
RDA/RNI/DRI.

There is no doubt that the data presented in Figure 12.4 represent data from
a variety of studies from athletes completing resistance exercise at a variety
of intensities, with a variety of levels of experience. Assuredly, exercise inten-
sity, duration, frequency and training status will impact on whether someone
requires more protein. The data of Gontzea et al.,138 shown in Figure 12.2,
highlight the fact that unaccustomed exercise can induce a negative nitrogen
balance, though transiently. Moreover, Lemon et al.117 showed that novice
weightlifters required more dietary protein (1.4-1.5 g protein·kg–1·d–1) than do
more experienced weightlifters (1.05 g protein·kg–1·d–1) as reported in an earlier
study.8 In addition, when intense weightlifting is combined with training for
sports with both power and aerobic bases (rugby and football) protein require-
ments have been reported to be as high as 1.76 g protein·kg–1·d–1.7 As discussed
earlier, the underlying reason for a training-induced reduction in dietary pro-
tein requirements7,8,117 for strength-trained persons likely relates to the fact that
it is early in a resistance training program when the largest gains in lean body
mass and the greatest rates of muscle hypertrophy are seen.84 Hence, after the
introductory phase of beginning a strength training program and initial gains
in lean mass are made, it is hard to reconcile that resistance “trained” athletes
would have markedly elevated protein requirements. Instead, experienced
weightlifters and bodybuilders not using anabolic steroids might require pro-
tein to support a slight elevation in basal (i.e., beyond 48 h after their last
workout) protein turnover. Cross-sectional data from Phillips et al.12 demon-
strate support for the postulate that trained resistance athletes, whether male
or female, have an elevated turnover of muscle proteins at rest (~ 24% elevation
in FSR at rest in trained vs. untrained). These observations of a training-
induced elevation in FSR12 have recently been confirmed longitudinally fol-
lowing 8 weeks of training in previously untrained novices (S.M. Phillips,
unpublished observations).

Can a general recommendation for the dietary protein requirement for
weightlifters, bodybuilders, or any athlete desiring to gain lean mass,
whether uninitiated or experienced, be made? First, a theoretical calculation
might demonstrate to those who believe that, no matter what is recom-
mended for dietary protein requirement for those desiring to gain lean mass,
dietary protein must be greater than 2 g protein·kg–1·d–1 and that supplemen-
tal protein is necessary to gain muscle mass or strength.8,116 Some data used
in this calculation comes from the studies generated by animal scientists who
have dedicated far more effort to determining the most cost-efficient (and
hence protein content perspective) way of increasing lean mass gains in
growing steers.144,145

If we take the theoretical example of a person who initially weighs 100 kg
(220 lb) and in a given year gains 10 kg (22 lb) of muscle (it needs to be
strongly emphasized that this gain is purely muscle and not just body mass),
this represents a highly impressive gain of lean muscle mass and likely at
the “outer limit” of possible gains in lean body mass, without anabolic
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steroids. The question is, how much extra protein (if any) would this indi-
vidual have to consume?

1. 10kg muscle = 2.5kg protein (assuming 75% of muscle mass is
water).

2. Then 2.5kg protein = 2500g in one year or 2500g/365d/100kg =
0.0685 g protein·kg–1·d–1that is gained.

3. Assuming that, based on some values calculated from growing
steers,144,145 eight times as much protein needs to be consumed to
lay down the same amount of mass (note, this mass gain is not all
muscle in steers and so application of this value to humans repre-
sents an overestimate): 0.0685 • 8 = 0.55 g protein·kg–1·d–1.

4. Assuming that the RNI/RDA/DRI is sufficient to cover all other
protein needs, 0.86 g protein·kg–1·d–1 + 0.55 g protein·kg–1·d–1 = 1.41
g protein·kg–1·d–1.

What this calculation does not take into account is that resistance exercise
actually increases the efficiency of protein and amino acid utilization (i.e., net
muscle protein balance is less negative), which would actually reduce the
amount of protein required to gain the 10 kg of muscle. An increased efficiency
of protein utilization following intense resistance exercise has been shown
acutely,11 chronically,12 and in nitrogen balance studies.27,143 Campbell et al.143

reported that 11 weeks of resistance training improved nitrogen balance by
~13mg N·kg–1·d–1 or ~82 mg protein·kg–1·d–1, which would reduce the esti-
mated dietary protein requirement of 1.41 g protein·kg–1·d–1 to 1.33 g pro-
tein·kg–1·d–1. Put in practical terms, 1.33 g protein·kg–1·d–1 for someone who
weighs 110 kg (242 lb) would be equivalent to four glasses (~1000 ml) of low-
fat milk, one can of tuna (~115g), a 6-oz skinless roast chicken breast (~170g),
one cup of low fat yogurt (~245g) and four slices (184g) of whole-wheat bread.
The same diet would provide only 6300 kJ, or ~1500 kcal and would provide
37% of one’s energy from protein; however, it serves to illustrate how easy it
is to obtain sufficient quantities of high quality protein from normal dietary
sources. For an athlete in training, this sort of daily consumption is relatively
easy to achieve without the use of protein supplements. Moreover, the train-
ing-induced improvement in nitrogen balance reported by Campbell et al.143

occurred in a group of elderly persons who did not experience significant
muscular hypertrophy, likely due to the moderate training stimulus they
received despite 11 weeks of resistance training. Hence, it may be that, with
more intense resistance exercise programs resulting eventually in significant
fiber hypertrophy, the efficiency of nitrogen utilization may be even greater
than that reported previously.143

While there is only weak evidence linking persistently high protein diets
(Table 12.2) with adverse health consequences such as renal disease and poor
bone health, Price et al.146 have shown that high protein diets, once initiated,
should be maintained to preserve lean mass. Essentially, what has been
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shown is that high protein diets, while they may result in high fed gains
(i.e., stimulation of protein synthesis); there is a concomitant high fasting
loss of protein (see Figure 12.5).146,147 These findings146,147 have implications
for athletes who habitually consume high dietary protein intakes; they run
the “risk” of losing lean body mass if they do not consistently follow this
practice. The fasting loss of protein (i.e., lean body mass) arises due to the
fact that urea cycle and amino acid oxidative enzymes adapt to higher
protein intakes via an increase in activity;143 hence, when one consumes high
protein liver and potentially muscle, amino acid oxidative capacity is
increased and hence with greater protein intake an increasingly larger pro-
portion of dietary protein is directed toward oxidation. This assertion is
supported as can be seen in Figure 12.5, which is adapted from the data of
Price et al.146 that shows greater fasting oxidative losses of amino acids
concomitant with greater fed gains (protein synthesis) with increasing pro-
tein intakes. Accordingly, the pattern of consuming a large amount of dietary
protein must be maintained because a significant time period must elapse
before fasting losses are reduced (i.e., the time taken for urea cycle and amino
acid oxidative enzymes to adapt), which would lead to significant lean body
mass losses.147

It is apparent that, a meaningful recommendation for strength training
athletes for a recommended dietary protein intake, based on the literature,
is confounded by numerous factors including training status and combina-
tion of strength training with other modalities (sprint or aerobic exercise)
and methodological considerations. What is certain, however, is that, even
those athletes who have as their goal the gain of an impressive amount of
lean mass, they do not require an enormous increase in protein intake.
Consequently, as with my recommendation for the dietary protein intake for
endurance athletes, I believe that even the most ardent strength-training

FIGURE 12.5
Fed and fasted cycling of protein turnover with increasing protein intakes (adapted from Price
et al.146).
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athletes need not consume any more than 15% of their dietary calories in
the form of protein. These same athletes should, however, be getting at least
10% of their dietary energy from protein, so long as they are consuming
sufficient protein to cover their energy needs or surfeit energy required for
optimal weight gain. It should be emphasized that, for even for larger ath-
letes (100 kg and greater); a sufficient energy intake to cover caloric require-
ments for weight gain during intense training may be in excess of 18MJ/d–1

(~4300 kcal). Hence, protein intakes as high as 20% of such an energy intake
would mean a daily protein intake of 215g/d–1, which would definitely be
excessive by any standard (2.15 g protein·kg–1·d–1). Hence, protein needs of
this group of athletes generally should be balanced against what is consid-
ered necessary.

V. Future Directions

Given the opposing points of view regarding protein requirements for ath-
letes,3,5,7-9.25-27,127,128 there is no doubt that future studies to examine protein
requirements and even amino acid requirements during endurance exercise
should to be conducted. Some definitive studies, if properly conducted and
controlled, might serve to clear up much of the controversy3,5,7-9.25-27,127,128

surrounding protein requirements in habitually active persons. The first
study would be to have a group of highly trained endurance athletes having
relatively high daily training volumes randomly consume protein at three
different levels for prolonged periods of time (at least 3–4 weeks). As in a
traditional nitrogen balance experiment, protein would be consumed at a
sub-adequate (0.6 g protein·kg–1·d–1), adequate (1.0 g protein·kg–1·d–1) and
more than adequate (2 g protein·kg–1·d–1) level. Each protein intake would
have a period at the end of which measurements of protein kinetics, using
appropriate stable isotope tracers, for muscle protein, plasma protein (albu-
min, fibrinogen, fibronectin), as well as whole-body protein turnover and
nitrogen balance. In addition, and most importantly from an athlete’s per-
spective, performance would be measured. This study has the following
advantages:

1. Studying previously habitually trained athletes so the transient
negative nitrogen balance seen at training onset138 would not be a
complicating factor

2. A prolonged period of adaptation to each diet to account for adap-
tations in enzymes involved in intramuscular protein metabolism
and liver urea cycle enzymes

3. Measurement of protein kinetics for muscle, some blood proteins
and at the whole body level, at each level of protein intake to
account for adaptations in synthesis and turnover
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4. Measurement of performance, which for athletes is the most impor-
tant outcome

A second study would be similar to the one previously described, but
obviously to include resistance trained athletes. This study would have the
same advantages as outlined above, but would definitively show that high
protein intakes are of no benefit in the maintenance of strength and lean
mass for these athletes.

A third study would be to allow three comparatively large (N = 20 per
group) groups of athletes who where inexperienced weightlifters to initiate
a weightlifting program. Each group would have their diet manipulated so
that they were consuming either 0.86 g protein· kg–1·d–1 (the current RNI/
RDA/DRI), 1.2 g protein· kg–1·d–1 (at or close to the average protein intake
for a lacto-ovo, meat-eating North American male), or 2.2 g protein·kg–1·d–1

(at or close to the habitual dietary protein intake for many strength-training
athletes). Measures of muscle protein and whole-body protein kinetics, as
well as nitrogen balance, should then be made at the beginning, in response
to an acute bout of resistance exercise and at the end of their training pro-
grams, also in response to an acute bout of resistance exercise, which should
last at least 12 weeks. The degree of muscle hypertrophy could be assessed
both by biopsy techniques as well as by various imaging methods for all
limb musculature and gains in lean mass could be measured using dual-
energy x-ray absorptiometry. These measures should be made at 2-week
intervals during the training program to assess the time course of changes
in these parameters. This study would provide a reasonably definitive
answer as to whether recommended protein intakes could support the same
degree and rate of muscular hypertrophy and lean mass gain vs. higher
protein intakes. Measurements of protein turnover in various body compart-
ments, using isotopic tracers, would allow for the determination of the
kinetic responses to each protein intake. A sufficient sample size (N = 20)
would ensure that the inherent variability in measures of lean mass and fiber
type and size would not mask a significant effect, should one be observed.

VI. Summary

No current recommendations for dietary protein intake include an allowance
for physical activity. This is despite some evidence that regular aerobic-based
exercise apparently results in an elevated requirement for dietary protein
(see Figure 12.2). The basis for an elevated protein requirement in endurance
athletes is the increased amino acid oxidation seen during exercise; however,
whether amino acids other than leucine are oxidized to any appreciable
extent during exercise appears unlikely. Despite the fact that endurance
exercise results in an elevated amino acid oxidation, exercise training appears
to lower, if not obliterate, the acute exercise-induced rise in amino acid
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oxidation, a finding that calls into question the thesis that endurance exercise
elevates any requirement for dietary protein. In addition, in spite of reports
showing that protein requirements are elevated in endurance-trained ath-
letes, other reports show that habitual exercise lowers the requirements for
dietary protein. Hence, it would appear that a conclusion that dynamic
endurance-based exercise elevates proteins to any appreciable extent is
impossible to make. In addition, the reported dietary protein intakes of
endurance-trained athletes are far in excess of any current recommendation,
due for the most part to their need to consume energy to balance their high
daily expenditure. Hence, it is unlikely that endurance trained athletes
require a highly specific recommendation for dietary protein intake. Instead,
this author believes it is far more practical and applicable to give the recom-
mendation that at least 10% and no more than 20% of dietary energy, pro-
vided the diet is varied and mixed and that energy is sufficient to cover
energy expenditure, should come from protein for this group of athletes.

Strength-trained athletes habitually consume protein in excess of recom-
mended intakes (Table 12.2). Some studies have reported that consumption
of protein at levels greater than the RNI/RDA/DRI might be beneficial for
strength trained athletes, because they appear to have protein requirements
above those of sedentary persons (Figure 12.4). However, another body of
literature indicates that strength training results in reduced protein require-
ments due to the anabolic nature of the activity. Support for such a suppo-
sition also comes from a consideration of a longitudinal examination of
protein requirements in a group of elderly persons showing that 11 weeks
of weightlifting resulted in increased retention of nitrogen.143 Moreover, cal-
culation of protein requirements for even the largest lean mass gains do not
support the idea that supplementation with protein is necessary, provided
that a mixed diet providing sufficient energy is consumed. Moreover, it is
apparent that, while consumption of excessively high protein intakes leads
to larger fed-state gains in lean body mass, it also results in greater fasted
losses (see Figure 12.5). Are protein requirements for strength-training ath-
letes truly elevated? Once again, it is almost impossible to clearly establish
an exact protein intake for strength training individuals; however, a practical
recommendation is, as with endurance athletes, that at least 10% and no
more than 20% of dietary energy come from protein, in a mixed omnivorous
diet that covers energy requirements.

Finally, it is this author’s belief that a safe upper limit for dietary protein
intakes should also be imposed with endurance- and strength-trained ath-
letes of no more than 1.3–1.4 g protein·kg–1·d–1. Such a recommended intake
may appear to be contraindicated, particularly in light of some of the rec-
ommended protein intakes to achieve nitrogen balance reported in individ-
ual studies.5,7-9 However, in each study, no more than 6–8 participants were
used and all relied on the short-term nitrogen balance methodology to estab-
lish requirement, an approach that has serious flaws.130,132 Perhaps the most
puzzling and troublesome flaw with the nitrogen balance methodology is
the persistently positive nitrogen balance with increasing protein intakes (see

0927_C12_frame  Page 307  Thursday, March 21, 2002  2:15 PM



308 Nutritional Assessment of Athletes

Figures 12.2 and 12.4). The highly positive nitrogen balance observed at high
protein intakes would apparently result from an unbelievable expansion of
body protein pools, namely an increase in lean body mass. Such an increase
in lean body mass, as pointed out, cannot and does not occur. Until this
problem with the nitrogen balance method is resolved, or unless the method
is coupled with kinetic measures of amino acid turnover, a consensus cannot
be reached when relying solely on this technique.

Undoubtedly, more research is required to answer some unresolved ques-
tions in the area of protein metabolism and requirements in athletes, whether
they be endurance or strength-trained or beginning an exercise program. It
is obvious to this author that future advances in methodology in amino acid
metabolism, along with their successful and appropriate application, will
allow for more definitive recommendations to be made to athletes. However,
at this time, it appears that general recommendations for dietary protein (i.e.,
the current RNI/RDA/DRI) are adequate, provided a diet containing mixed
food sources and sufficient energy is being consumed and there is no evi-
dence that protein requirements are elevated to a degree that would call for
supplemental protein to be consumed.
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I. Introduction

 

Vitamins are organic compounds required in small amounts not only for
survival, but also for athletic competitions. In general, vitamins cannot be
synthesized in large enough quantities endogenously to meet metabolic
requirements for efficient daily functioning and therefore, must be con-
sumed.

 

1,2

 

 To function physiologically, some vitamins must be converted to
an active form or be incorporated into coenzymes, while some are capable
of functioning without any modifications.

 

2

 

The vitamin status of athletes is often assumed based on outcomes of
estimates of dietary intake (e.g., diet recall and diet records). Given the
metabolic demands of athletes, especially athletes training and performing
in events that rely heavily on bioenergetic pathways, it may be an unfortu-
nate speculation to base nutritional recommendations on guidelines geared
toward the general population. Conversely, those same athletes will not
likely experience vitamin deficiencies if consuming a balanced and varied
diet to meet energy demands. For detailed insight into vitamin functions,
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adequate intake values and food sources, other resources are available.

 

2

 

 Also,
the assumption of vitamin status from diet records or recall does not always
account for differences in vitamin bioavailability or activity. The efficiency
of vitamin absorption needs to be considered, as well as the interaction of
the vitamin with other nutrients or compounds that might render them less
available.

However, given the temporal and financial costs associated with many
biochemical assessments, not to mention the means of collecting tissue sam-
ples from athletes, the vitamin status of and requirements for athletes are
not fully known. With increasing interest in nutritional supplements and
functional foods, the area of micronutrient analysis will likely expand to
better determine their mechanisms of action. Therefore, the purpose of this
chapter is to convey vitamin assessment strategies for those wanting to better
determine vitamin status in athletes or research volunteers performing exer-
cise interventions. Suggestions for the appropriate biological sample type
(i.e., blood, tissue or urine) will be discussed for those vitamins that have
been demonstrated to potentially yield differences in concluding vitamin
status. It must be noted that few studies have examined the influence of
acute or chronic exercise on values of specific vitamins using human subjects.
Therefore, caution and an open mind must be used when applying the
following information.

In general, two critical issues to bear in mind when analyzing samples for
vitamin content are: 1) to utilize an acceptable vitamin extraction procedure
and, 2) to ensure that appropriate measures or precautions are made to
minimize the deactivation of the vitamin(s) being measured. For example,
when assessing biochemical vitamin status, many factors may influence the
analysis (e.g., vitamin stability, see Table 13.1). If these influencing factors
are not accounted for or controlled, the results will be of lesser value.

 

II. Analytical Considerations

 

A. Stability of Vitamins

 

One problem that occurs with the analysis of vitamins is their instability
under certain conditions (exposure to light, oxygen, metals, etc.; see Table
13.1). This instability leads to changes in the structure (inactive form) and
may ultimately yield spurious results. Therefore, it is critical to account for
as many potential sample contaminants as possible.

 

3

 

 For example, when
vitamin D is exposed to light it will convert to isotachysterol and the 5,6-

 

trans

 

-isomer. As noted in Table 13.2 and in the summary of assessments,
most individual and multi-analyte vitamin assessments require specific
preparations and procedures; therefore, 

 

post hoc

 

 vitamin assessments are
generally difficult to perform adequately.
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TABLE 13.2

 

Biochemical Indices to Assess Vitamin Status

 

Vitamin Component Biochemical Tests for Status Assessment

 

Vitamin A 
(retinoids) 

 

Colorimetry, spectrophotometry, fluorometry, 
capillary electrophoresis

 

11

 

;

 

 

 

high pressure liquid 
chromatography (HPLC), thin-layer 
chromatography (TLC)

 

11,33

 

; gas chromatography 
(GC)

 

7

 

; and , immunological, or molecular 
biological techniques

 

9

 

Blood Serum 

 

β

 

 carotene levels

 

2

 

Plasma retinal levels (only reduced if liver stores 
are depleted)

 

2

 

Relative dose response (RDR) & Modified relative 
dose response (MRDR)

 

9 

 

(Most representative of 
current status, and determine liver stores in a 
non-invasive way

 

5,9,40

 

)
Retinol binding proteins (RBP)

 

5,9

 

Plasma retinol (generally accepted

 

9

 

) and 
carotenoid analysis

 

5,41,42

 

 (plasma retinol need not 
be adjusted for lipoprotein concentration)

 

18

 

Liver Liver retinol levels

 

43 

 

(not practical)

 

9

 

Tear fluid Conjunctival impression cytology (CIC)

 

9

 

 (Least 
representative of current status

 

5,9

 

)
Tear analysis

 

5

 

Other Dark adaptation test or night blindness 
determination

 

5,8

 

Vitamin D

 

HPLC, TLC, colorimetry, radioimmunoassay, gas 
chromatography-mass spectrometry (GC-MS)

 

33

 

, 
ligand-binding

 

11

 

Blood Plasma/serum vitamin D levels

 

2, 10

 

 (need not be 
adjusted for lipoprotein lipid content)

 

18

 

Serum 25-OH-vitamin D levels is the sum of diet 
intake and production from sun exposure

 

10

 

 - the 
most valuable determinant of vitamin D 
status

 

10,11

 

Specific competitive protein binding assay for 
determination of 25-OH-vitamin D and 1-
25(OH)

 

2 

 

vitamin D (of little value)

 

10,11

 

Radio receptor assay, using 

 

3

 

H metabolites is a 
specific way to determine 1-25(OH)

 

2 

 

vitamin D

 

11

 

 
(also of little value)

 

10

 

Plasma alkaline phosphatase activity

 

2,11

 

Tissue Blood and tissue vitamin D metabolites are 
acceptable status indicators, but are non-
specific

 

11

 

Other Indirect determination: serum calcium levels

 

2

 

Clinical trial of supplementation

 

5
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TABLE 13.2 (CONTINUED)

 

Biochemical Indices to Assess Vitamin Status

 

Vitamin Component Biochemical Tests for Status Assessment

 

Vitamin E (

  

αααα

 

TP)

 

Colorimetry, spectrophotometry, 
spectrofluorometry, TLC, HPLC, and GC

 

11,14

 

Blood Serum 

 

α

 

TP

 

14 

 

in relation to serum triglyceride 
levels

 

5

 

Platelet 

 

α

 

TP levels in relation to serum 
triglyceride levels

 

5

 

Plasma 

 

α

 

TP is not a good indicator for toxic 
levels, because it reaches a plateau

 

17

 

Erythrocyte 

 

α

 

 TP levels

 

14

 

Adipose Adipose 

 

α

 

TP levels in relation to serum 
triglyceride levels

 

5

 

Adipose 

 

α

 

 P levels increase linearly with dietary 
intake of vitamin E

 

15

 

. Assess long term vitamin 
E status

 

17

 

Muscle Muscle 

 

α

 

TP levels,

 

14

 

 in close metabolic 
equilibrium with plasma 

 

α

 

 TP

 

44

 

Urine Urinary excretion of vitamin E may indicate 
excessive vitamin E intakes

 

16

 

Urinary excretion of vitamin E metabolite 

 

α

 

 
CEHC is not used to assess vitamin E status

 

16

 

Other Erythrocyte hemolysis by peroxide

 

2,5

 

 is inversely 
related to plasma 

 

α

 

TP concentrations

 

16

 

Breath ethane

 

16

 

 and pentane

 

13

 

, levels are lipid 
peroxidation markers, high levels show 
depleted stores

 

17

 

Functional tests: vitamin E status can be assessed 
by oxidative changes in lipids:

(1) Erythrocyte malondialdehyde test (in vitro) by 
H

 

2

 

O

 

2 

 

exposure

 

13

 

(2) Erythrocyte malondialdehyde test with 
thiobarbituric acid

 

13

 

Recommendation Evaluate vitamin E levels in conjunction with 
blood lipid levels because vitamin E is carried 
on lipid-protein complexes called lipoproteins. 
Evaluating blood vitamin E levels alone when 
assessing vitamin E status, is misleading

 

16

 

It is more useful to use more than one biochemical 
test to assess vitamin E status

 

13

 

Vitamin K 
(phyloquinone)

 

HPLC, TLC, colorimetry, GC-MS

 

33,45

 

Blood Plasma prothrombin concentrations

 

2,45

 

Plasma phylloquinone

 

13

 

 reflects phylloquinone 
intakes

 

45

 

, but does not correlate well with 
vitamin K status

 

45
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TABLE 13.2 (CONTINUED)

 

Biochemical Indices to Assess Vitamin Status

 

Vitamin Component Biochemical Tests for Status Assessment

 

Plasma or serum des-

 

γ

 

-carboxyprothrombin 
(DCP) -most sensitive indicator of vitamin K 
status

 

5,18,21,45

 

DCP: Prothrombin ratios

 

13

 

Direct chromatographic vitamin K assays

 

46

 

Urine Urinary 

 

γ

 

-carboxyglutamic acid

 

13

 

Other Hydroxyapatite binding capacity of osteocalcin

 

13

 

Ratio of prothrombin activity to the total 
immunochemical equivalents of prothrombin

 

45

 

Ratio of Simplastin thromboplastin activated 
prothrombin time to activated by 

 

Echis carnatus

 

 
venom (S:E ratio)

 

45

 

Bleeding and clotting time

 

5

 

Prothrombin time

 

5

 

 (still used, but is insensitive 
and non-specific as primary method to 
determine vitamin K status

 

36

 

)
Measurements of uncarboxylated osteocalcin

 

45

 

Recommendation Use both the plasma prothrombin measurements 
and DCP

 

13

 

Plasma or serum des-

 

γ

 

-carboxyprothrombin 
(DCP) and osteocalcin -most sensitive indicator 
of vitamin K status

 

5,18,21,45

 

Thiamin (B

 

1

 

)

 

HPLC,

 

5,19,33

 

 TLC,

 

33

 

 ion exchange 
chromatography,

 

47

 

 colorimetry,

 

5

 

 enzymatic

 

5,19,21

 

 
and microbiological assays

 

5,33

 

Blood ETKAC (erythrocyte transketolase activity)

 

5,19,21

 

 
(highly reliable method to determine status)

 

11

 

Serum thiamin levels,

 

5,19,20 

 

-insensitive status 
indicator

 

11

 

Thiamin pyrophosphate (TPPE) test of 
erythrocytes

 

19-21

 

Blood pyruvate, lactate, and 

 

α

 

 ketoglutarate 
levels

 

20

 

Whole blood (

 

Lactobacillus viridescens

 

 assay),

 

48 

 

-
insensitive status indicator

 

11

 

Erythrocyte thiamin levels, -insensitive status 
indicator

 

11

 

Urine Urinary excretions of thiamin (reflect thiamin 
status of the previous 24 h)

 

2,5

 

Urinary excretions of thiamin metabolites

 

20

 

Body fluids Microbiological assays

 

5,33

 

Other

 

Ex vivo

 

 lymphocyte growth response

 

5

 

Cerebrospinal fluid (CSF) thiamin levels

 

20

 

Recommendation Use ETKAC and TPPE together to assess thiamin 
status for most reliable results

 

20
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TABLE 13.2 (CONTINUED)

Biochemical Indices to Assess Vitamin Status

Vitamin Component Biochemical Tests for Status Assessment

Use more than one method or test to assess 
thiamin status48

Riboflavin (B2) HPLC,5,22,33 TLC,33,49 fluorometry,5,22 enzymatic2,5,23 
and microbiological assays5,33

Blood Erythrocyte glutathione reductase activity 
coefficient (EGRAC)2,22,23 is the most common 
and most sensitive to tissue stores22,23

Blood riboflavin levels22 is an insensitive indicator 
of riboflavin status23

Erythrocyte riboflavin levels22 is an insensitive 
indicator of riboflavin status23

Urine 24 h collection of urinary excretions of riboflavin 
reflects dietary intake,22 and is not a sensitive 
indicator for tissue stores22

Urinary excretions collected 1) at random, 2) after 
fasting, 3) a 24 h specimen, and 4) after load 
return test22

Ratio of urinary riboflavin levels to creatinine 
levels21

Body fluids Microbiological assays5,33

Other Ex vivo lymphocyte growth response5

Recommendation EGRAC together with urinary excretion test11,23

Niacin HPLC,33 chromatography,24 colorimetry,50 
fluorometry,24 enzymatic24 and microbiological 
assays2,5,33

Blood Serum niacin level determination is not a 
sensitive test,21 it reflects dietary intake, not 
tissue stores11

Erythrocyte NAD levels5

Erythrocyte NAD:NADP ratio5 is used to evaluate 
niacin status24

Blood and tissue Lowry method measures NAD and NADP by 
using specific dehydrogenase enzymes24

Urine Excretion of N′-methylnicotinamide (NMN) and 
2-pyridone5 after a tryptophan dose2-widely 
used method21

Ratio of 2-pyridone to NMN is a recommended 
method23

Body fluids Microbiological assays5,50 (Lactobacillus 
plantarum)3

Other Ex vivo lymphocyte growth response5

NMN excretion expressed as mmol / mol 
creatinine is not an accurate method21
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TABLE 13.2 (CONTINUED)

Biochemical Indices to Assess Vitamin Status

Vitamin Component Biochemical Tests for Status Assessment

Dowley-1-formate chromatography is used to 
separate the puridine nucleotides (NAD/H and 
NADP/H) and NMN24

NMN assessment done after 4-5 hr after a 50 mg 
load of nicotinamide23

Vitamin B6 HPLC,33 TLC,33 GC,51 enzymatic5,25 and 
microbiological assays5,33

Blood Plasma pyridoxal phosphate (PLP) 
concentrations25,52 most often used, and 
correlates with tissue stores11

Plasma total vitamin B6 levels or plasma PL 
levels25

*Plasma homocysteine levels5 after a methionine 
load15,21,25 reflect hepatic vitamin B6 status25

Serum 4-PA levels5

Erythrocyte PLP levels are useful as an additional 
index25

*Erythrocyte ALT and AST activation 
coefficients5,15,21,25,53 reflect long term vitamin B6 
status because of the lifetime of the erythrocyte25

Erythrocyte α-EGOT measurements54

Urine Urinary 4-PA excretion,2,15,25 which is a short term 
indicator25 that reflects dietary intake21

Urinary total vitamin B6
25

Urinary pyridoxal lactone15

*Urinary metabolite (xanthurenic and kynurenic 
acid) excretion5 after a tryptophan load11,15,21,25 
reflect hepatic vitamin B6 status25

*Urinary homocysteine levels5 after a methionine 
load15,21,25 reflect hepatic vitamin B6 status25

Urinary PL expressed as mg per g creatinine11

Body fluids Microbiological assays5,33,54

Other *Oxalate excretion25 less common method
*EEG pattern25 less common method
Ex vivo lymphocyte growth response5

Plasma or urine amino acid levels and ratios5

Recommendation Use at least two biochemical indices; one must be 
the PLP test.

Plasma PLP and tryptophan load test together is 
an excellent biochemical confirmation of vitamin 
B6 status11

(*) These are indirect methods that does not 
necessarily reflect total vitamin B6 in tissue or 
serum, they indirectly reflect PLP in certain 
tissue21,25
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TABLE 13.2 (CONTINUED)

Biochemical Indices to Assess Vitamin Status

Vitamin Component Biochemical Tests for Status Assessment

Cobalamin (B12) Radioimmunoassay;26,33 microbiological assays, 
dual isotope methods5

Blood Serum cobalamin assay is a standard method5,26

Erythrocyte vitamin B12 measurement is a 
common biochemical test11

Holo TC-II (vitamin B12 transporter) 
measurements detect early vitamin B12 

deficiency11,26

Plasma total vitamin B12 levels21

Plasma and urine Measurement of substrates, methylmalonic acid 
(MMA) and homocysteine, of two vitamin B12 
dependent enzymes is a new and more accurate 
way of assessing intracellular deficiencies5,26

Plasma MMA measurements are better than 
plasma homocysteine measurements26

Urine Urinary total vitamin B12 levels21

Biological fluids Microbiological assays5,33

Other Vitamin B12 deficiency is reflected by high levels 
of 2-methylcitrate, N,N-dimethylglycine, N-
methylglycine and cystathionine

Ex vivo lymphocyte growth response5

Shillings test or dual isotope variations for 
vitamin B12 absorption5

Folate HPLC,33 radioimmunoassy,33 radiometry,27 
fluorometry,27,55 TLC,27 enzymatic assay27

Blood Serum folic acid levels2,5,21; should not be used by 
itself11,56

Erythrocyte folic acid levels2,5,21

Serum or erythrocyte THF by radio isotope 
assay27

Serum or erythrocyte 5-methyl THF27

Serum folate activity27

Erythrocyte folate status is a reliable indicator for 
long term of folate status,21 and tissue stores11,28,56

Serum homocysteine concentration is an ancillary 
indicator of folate adequacy28

Urine Urinary folate levels2

Urinary N-formimino glutamic acid indicates 
comprised folate stores15 indirectly, but is not 
sensitive enough and not used frequently11

Biological fluids Microbiological assays5,33 (Lactobacillus 
rhamnosus)3

Other Ex vivo lymphocyte growth response5

Neutrophil hypersegmentation5,56
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TABLE 13.2 (CONTINUED)

Biochemical Indices to Assess Vitamin Status

Vitamin Component Biochemical Tests for Status Assessment

Dihydrofolate reductase (DHFR) inhibition 
assay55

Biotin HPLC,29,33 fluorescent assay,29 TLC,33 
microbiological assay,2,5,33 colorimetry5

Blood Whole blood biotin levels (not a sensitive 
indicator)11,29

Avidin-binding assay29,57,58

Derivatives of biotin29

Urine Urinary biotin levels2,5,15

Urinary excretion of 3-hydroxyisovaleric acid 
(inversely related to biotin status),30 is a 
sensitive, early detector of biotin deficiencies11,30

Biological fluids Microbiological assays5,33

Other Ex vivo lymphocyte growth response5

Propionyl-CoA carboxylase and pyruvate 
carboxylase (biotin dependent enzymes) activity 
in hair roots59

Recommendation Chromatographic separation of biotin analogues 
together with avidin-binding assay29

Pantothenic acid HPLC,33 colorimetry,5 microbiological assay5,33

Blood Whole blood pantothenic acid levels (not very 
sensitive)5,11

Serum pantothenic acid (not very sensitive)11

Urine Urinary pantothenic acid levels (not very 
sensitive)5,11

Biological fluids Microbiological assays,5,33 using yeast and 
lactobacillus for blood and urine pantothenic 
acid measurements2,31

Other Ex vivo lymphocyte growth response5

Vitamin C HPLC,5,60 TLC33,60 GC;60 spectrophotometry, 
fluorometry, chromatography, electrochemical 
techniques6

Blood Serum ascorbate levels60-easy to perform, and 
most often used, also reliable2,6

Leukocyte ascorbate levels-most reliable6 (reflect 
tissue and blood ascorbate content and 
correlates with liver ascorbate6,11,16)

Platelet ascorbate level6

Urine Urinary ascorbate level measurement is not a 
good indicator of vitamin C status, because 
vitamin C is reabsorbed by the kidneys6, but is 
a good indicator for current status11
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B. Vitamin Bioavailability, Active Forms and Storage

Basing vitamin status solely on nutrient intake values may yield inaccu-
rate estimations of vitamin status, which may in turn lead to either a
vitamin deficiency or toxicity. This results from interactions of micronu-
trients and other dietary consumables on the absorption and availability
of other nutrients. The assessment of an athlete’s menu may generate a
different picture of vitamin status from what is derived from the analysis
of biochemical samples. This conflict may go unnoticed if vitamin intake
alone is assessed. This may be common in some instances, as the avail-
ability of computer-assisted nutrient analysis programs has increased,
whereas the access to biochemical assessment equipment may be limited
to some (if not many) coaches or athletes. Table 13.3 displays the tissues
or sample sites that can be used for assessment, as well as the compound
and analytical method used to verify vitamin status.

This oversight may occur with the assessment of vitamin B6. Two
sources of dietary vitamin B6 are pyrodoxine (PN) and pyrodoxine-5’-β-
D-glucoside (PN-glucoside). Both PN and PN-glucoside are converted to
vitamin B6; however, the conversion of PN-glucoside is less than that of
PN, and PN-glucoside slightly inhibits the conversion of PN.4 Therefore,
if athletes ingest foods that contain higher levels of PN-glucoside, then
their actual vitamin B6 levels may not adequately reflect vitamin B6 intake,
unless the nutrient assessment procedure accounts for the influence of
PN-glucoside.

Another complication may arise when measuring serum or plasma
levels of particular vitamins. The concentrations of vitamins in circulation
may reflect only the current vitamin status, whereas, if the storage forms
(if applicable) of the vitamin were assessed, a deficiency might be evident.
That is, the individual has limited stored vitamin levels available for
continued normal functioning, even when the circulating levels are quite
normal.

TABLE 13.2 (CONTINUED)

Biochemical Indices to Assess Vitamin Status

Vitamin Component Biochemical Tests for Status Assessment

Saliva Salivary ascorbate level measurement is not a 
good indicator of vitamin C status6

Other Oral loading test5

Recently the automated and microtiter plate 
spectrophotometric method has been used for 
measurement of plasma and leukocyte 
ascorbate, it is fast and has high sensitivity6

Whole blood and red blood cell ascorbate 
measurements are less sensitive6
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C. Biochemical Indices to Assess Vitamin Status

Determining vitamin status is dependent on the source of sample used for
quantification. For some vitamins, it may be more beneficial to measure
stored levels vs. amounts in circulation, as the concentrations in circulation
will not reflect a deficiency until the stored levels have been sufficiently
diminished. On the other hand, assessing certain samples may not be justi-
fiable. For example, liver samples provide an accurate measurement of

TABLE 13.3

The Active Forms and Storage Sites for Vitamins

Vitamin Active Form(s) Storage Site

A (all-trans) Retinol2,9 Liver (retinol) 2,9,32

Adipose tissue (carotenosis)8

(all-trans) Retinal2,9

Retinoic acid2,9

β-cartotene

D 1,25(OH)2D2, 35 Skin (7-dehydrocholesterol)36

24,25(OH)2D2

E d-α-tocopherol (most 
active)2,12

Adipose (adipocytes)2,15,17

β- tocopherol2 Lipid fractions of membranes2

γ- tocopherol2 Adrenals, liver, and muscles2,15

δ- tocopherol2

Trienols2

K Hydroquinone37 Adrenal glands, lungs, bone 
marrow, kidneys, and lymph 
nodes13

Thiamin (B1) Thiamin pyrophosphate 
(TPP)2,15

Skeletal muscle, liver, heart, 
kidneys, and brain2,20

Riboflavin (B2) FMN, FAD2,33 Liver, heart, and kidneys2,15

Niacin NAD, NADP2

Pyridoxine (B6) Pyridoxal phosphate (PP)2 Muscle,2,25 liver2

(Cyano)cobalamin 
(B12)

Methylcobalamin2, 
adenosylcobalamin2

Liver26, brain, kidney, spleen, and 
muscle15

Vitamin C Reduced ascorbic acid 
(DHAA),2 ascorbic acid 
(AA)6,38

Pituitary and adrenal glands,6,15 
leukocytes,6 eye tissue,16 less in 
saliva and plasma6,16

Biotin Biocytin2 Muscle, brain, and liver15

Folate Tetrahydrofolic acid (THF)2 Small amounts in liver, 
cerebrospinal fluid, bone 
marrow, spleen, and kidney2

Pantothenic acid Portion of coenzyme A2,39
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vitamin A (retinol) levels, but the necessary biopsy would be excessive, as
similar results can be obtained by measuring plasma retinol levels. Some
have reported the assessment techniques using tear5 or saliva samples6 to
assess vitamin status, but those minimally invasive techniques are generally
less representative of the individual’s vitamin status than results obtained
from blood or tissue samples. Therefore, when assessing vitamin status, it
is imperative to carefully select the sample source, preparatory methods and
analytical techniques. Otherwise, the time and money spent for this assess-
ment may not yield optimum results. In other words, the assessment would
not have performed up to its potential.

III. Assessment Guidelines and Considerations

The following information was compiled to aid in deciding which indices
or techniques to choose to assess the status of a particular vitamin. These
guidelines are not all-encompassing, as many of these procedures have not
been used in conjunction with athletes. Additionally, other modifications or
adjustments not mentioned here may need to be made given differences in
analytical equipment and skill of personnel.

A. Vitamin A (Retinoids)

Several techniques and laboratory equipment can be used to assess vitamin
A status (Table 13.2). Different forms of vitamin A (β-carotene, retinol, or
retinal) can be determined from blood, liver or tear fluid. Carotenoid con-
centrations in blood and tissue samples usually reflect dietary intakes.7 Vita-
min A status can also be determined indirectly by conducting a night
blindness test.5,8 The relative dose response and modified relative dose
response method, where liver stores are assessed by giving the person an
oral vitamin A dose, is most representative and noninvasive.9 The conjunc-
tival impression cytology test is the analysis of vitamin A levels of cells taken
from a person’s eye, but is less representative of current vitamin A status.9

B. Vitamin D (Calciferol)

Different forms of vitamin D exist in blood and tissue, such as 25-OH vitamin
D and 1,25 (OH)2 vitamin D (Table 13.2). In assessing vitamin D status of
the body, it is most valuable to assess 25-OH vitamin D levels in blood. The
reason for this is that 25-OH vitamin D is converted to 1,25 (OH)2 vitamin
D (active form, Table 13.3). In the blood, 25-OH vitamin D is generally
present in much higher concentrations than 1,25 (OH)2 vitamin D,10 so it will
always be converted to the active form, even though the active form appears
in low, normal or high concentrations. Other methods, such as assessing the
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proteins that carry vitamin A in the blood (retinol-binding proteins), enzy-
matic tests and receptor binding tests are also used, but are not as efficient
as the method discussed earlier.11

C. Vitamin E (Tocopherols and Tocotrienols)

Alpha tocopherol (αTP) is the most active form of vitamin E in the body,
and this form is assessed when determining vitamin E status.2,12 Table 13.2
lists the different techniques to assess vitamin E status, such as the use of
colorimetry, TLC, HPLC; the value of different methods are also mentioned.
According to Groff and Gropper,13 there is no single method that is very
accurate in determining vitamin E status, therefore, it is recommended to
use more than one biochemical test. Blood, erythrocyte, adipose, muscle and
urine αTP levels have been used to determine vitamin E status.14-16 Vitamin
E protects lipids in the body against oxidative damage (peroxidation). By
exposing samples to oxidation, vitamin E status can be determined by the
time it takes for these samples to be damaged. High vitamin E levels in the
samples will extend or delay the damage. Status can also be determined by
measuring lipid peroxidation markers like breath ethane and pentane.13,16,17

In the latter test, high levels of peroxidation markers show depleted vitamin
E levels. Vitamin E is carried in the blood on lipid-protein complexes called
lipoproteins and, when assessing vitamin E, the lipids in these lipoproteins
must be taken into account, because assessment of blood vitamin E levels
alone are misleading in determining vitamin E status.18

D. Vitamin K (Phylloquinone, Menaquinone and Menadione)

By measuring blood prothrombin, phylloquinone, or des-γ-carboxypro-
thrombin (DCP) levels (Table 13.2), vitamin K status can be assessed. Of
these three, determining DCP by utilizing antibodies is the most valuable
indicator. Other samples, such as urine, can also be used to determine vita-
min K status. The recommendation, however, is to use DCP as well as blood
prothrombin determinations.13 Bleeding and clotting time of blood is also
useful to determine vitamin K status.5

E. Vitamin B1 (Thiamin)

Erythrocyte (red blood cell) transketolase is an enzyme that needs thiamin
to function and, when thiamin is depleted, this enzyme’s activity decreases.
Therefore, by measuring the enzyme activity, vitamin B1 status can be deter-
mined.19 Thiamin is needed in the form of thiamin pyrophosphate (TPP).20

Erythrocyte transketolases activity can be measured by adding TPP to the
reactions. After TPP is added, increased activity would indicate thiamin
deficiency. This suggests there was not enough thiamin for the enzyme to
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function before the addition of TPP.21 Other methods, such as serum thiamin,
microbiological assays and erythrocyte thiamin levels are insensitive indica-
tors of vitamin B1 status (Table 13.2).

F. Vitamin B2 (Riboflavin)

Erythrocyte glutathione reductase activity coefficient is a test utilizing the
activity of the enzyme erythrocyte glutathione reductase to determine vita-
min B2 status22 (Table 13.2) The activity of the enzyme is measured before
and after addition of flavin-adenine dinucleotide (FAD), a coenzyme needed
for the enzyme to function.22,23 If the activity of the enzyme was low before
and higher after the addition of FAD, that would suggest a vitamin defi-
ciency. If there were no deficiency, the levels before and after FAD addition
would be the same. Other methods, such as blood, red blood cell and urinary
riboflavin levels are also used to assess vitamin B2 levels, but are not very
sensitive indicators.22

G. Niacin (Nicotinamide and Nicotinic Acid)

Niacin is a precursor for nicotinamide adenine dinucleotide (NAD), which
is very important for biological functions.24 Erythrocyte NAD levels as well
as the ratio of erythrocyte NAD: NADP can be used to determine niacin
status in blood.24 The Lowry method uses specific dehydrogenase enzymes
to measure NAD and NADP levels in blood and tissue.24 Urinary excretions
of niacin metabolites, such as N’-methylnicotinamide (NMN) and 2-pyri-
done, are also widely used methods in assessing niacin status (Table 13.3).23

H. Vitamin B6 

Table 13.2 displays methods by which vitamin B6 can be assessed. Vitamin
B6 levels and vitamin B6 metabolites in blood and urine samples are generally
used for assessing this vitamin’s status.5,25 Pyridoxyl phosphate (PLP or PP)
is the active form of vitamin B6 and its levels in blood reflect tissue stores.2,11

Enzymatic tests such as erythrocyte alanine transaminase (ALT) and eryth-
rocyte aspartate transaminase (AST) indirectly reflect vitamin B6 status.5 A
short-term indicator for vitamin B6 status is urinary 4-pyridoxic acid (4-PA),
a metabolite, representing 40% to 60% of the daily intake of vitamin B6.

25

Urinary total vitamin B6 levels represents 8% to 10% of the daily intake.25

I. Vitamin B12 (Cobalamin)

Vitamin B12 status is generally assessed using blood samples,21 where total
vitamin B12 levels are assessed (Table 13.2). Enzymatic tests are also used
where substrates, such as methylmalonic acid and homocysteine, are
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measured. Vitamin B12-dependent enzymes utilize these substrates. High
substrate levels in blood or urine indicate that there is not enough vitamin
B12 for the enzymes to function, so they cannot use the substrates. Therefore,
high substrate levels indicate deficiency.5,26

J. Vitamin C (Ascorbic and Hydroascorbic Acids)

Leukocyte (white blood cell) vitamin C (ascorbic acid) concentration, the
most reliable determinant of vitamin C status, is not affected by recent
fluctuations in the diet (Table 13.2).6,11 It is representative of tissue and blood
vitamin C status and is correlated with liver vitamin C stores.6,11,16 Serum
and platelet vitamin C levels can also be used to assess vitamin C status.6
Urinary levels are not a good indicator because the kidney reabsorbs vitamin
C.6 Blood and urinary vitamin C levels also reflect recent dietary intake.11

K. Folate (and Folacin)

Folate (folic acid) is present in the body in the form of tetrahydrofolate,
which is very important for many biological pathways in the body.27 By
measuring metabolites of these pathways, folate status can be determined
(Table 13.2). An example is urinary N-formiminoglutamic acid. This metab-
olite is involved in the breakdown of histidine to glutamic acid and requires
the cofactor tetrahydrofolate. Without tetrahydrofolate, levels of N-formim-
inoglutamic acid in the blood will increase and lead to excretion in the
urine.15 Assessment of serum folic acid levels by itself should not be used
for folate status determination.11 Red blood cell folate levels represent tissue
store, thus this measurement is a more reliable long-term indicator.21,28

L. Biotin

A reduced biotin level in urine is a determinant of biotin deficiency.29 Also,
the metabolite 3-hydroxyisovaleric acid, which is excreted in urine, is
inversely related to biotin status.30 It is also a sensitive and early indicator
of biotin deficiency.11,30 Blood biotin levels are not sensitive indicators for
biotin status, even if the avidin-binding assay or bioassays was used (Table
13.2).29

M. Pantothenic Acid

Pantothenic acid is present in the body as part of acetyl coenzyme A (CoA),
which plays a critical role in energy metabolism. After blood samples are
obtained, certain enzymes, called hydrolytic enzymes, are needed to cleave
pantothenic acid from CoA in order to be analyzed in the laboratory.31 This
cleavage is not needed for determining pantothenate levels in the urine,
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because hydrolytic enzymes present in the body have already cleaved pan-
tothenate from CoA.31 Other means of determining blood, tissue and urine
pantothenate is by microbiological assays using yeast and lactobacillus2

(Table 13.2).

IV. Assessment Methods

Absorption spectrophotometry is limited to vitamins with a strong chroma-
phore. Light spectrophotometry utilizes either ultraviolet or visible wave-
lengths to measure the sample. As the selected wavelength of light passes
through the sample, the absorption of light will vary according to the sample.
Based on a standard curve or derived regression equation, the absorption is
proportional to the vitamin content of the sample.

Capillary electrophoresis is a high-performance analytical technique that can
be used to separate a variety of charged and neutral components. When
voltage is applied through the run buffer, the particles present will migrate
through a tube at a velocity determined by their respective size and electric
charge. This separation technique is synonymous with other forms of elec-
trophoresis.

Chromatography (gas, thin-layer and paper) is a separation procedure sim-
ilar to HPLC. It is capable of separating the desired compound, but cannot
quantify the amount or concentration of the sample. For example, following
gas chromatography, the sample is further assessed using mass spectroscopy
to quantify the amount of the desired compound.

Electrochemical techniques are used following chromatography to quantify
vitamin content. The procedure is based on the electrochemical qualities of
each vitamin or vitamer.

Enzymatic and microbiological assays utilize chemical reagents to convert the
vitamin or vitamer to a compound that is generally measurable by fluorom-
etry or various types of spectrophotometry. Specific to microbiological
assays, the sample is exposed to an organism that will grow only in the
presence of the specific vitamin.

Fluorometry is similar to spectroscopy. The exception is that the fluorometer
detects the fluorescence of compounds at different wavelengths. Therefore,
if the assay reagent does not yield fluorescent compounds, the fluorometer
will not be of value.

Gas chromatography-mass spectrometry (GC-MS). The gas chromatograph
separates the compound of interest from other potentially interfering com-
pounds and the mass spectrometer analyzes the purified sample over a time
interval.

High pressure liquid chromatography (HPLC), can be used as a purification
method and quantitative technique. Injecting the sample onto the column
separates compounds. The various components in the sample pass
through the column at different rates due to partitioning differences
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between the mobile liquid and stationary phases. HPLC also provides
greater chromatographic selectivity than gas chromatography. Fluores-
cent detection is frequently used for quantifying several lipid- and water-
soluble vitamins.

Ion exchange chromatography is commonly used in the purification of
biological materials. Charged molecules in the liquid phase pass through
the column until a binding site in the stationary phase appears. The
molecule will not elute from the column until a solution of varying pH
or ionic strength is passed through it. Separation by this method is highly
selective.

Radioimmunoassay utilizes a labeled isotope to quantify a given com-
pound. The radio-labeled isotope binds to the compound. The sample is
analyzed in a scintillation counter. The greater the radioactive count, the
greater amount of bound isotope.

V. Summary of Vitamin Assessments

The intent of this chapter was to provide sport scientists with information
regarding the assessment techniques to biochemically determine vitamin
status. The assessment of vitamin status tends to require more analytical
steps and stability-maintaining procedures than assessments of other
nutrients (e.g., glucose, non-esterified fatty acids, etc.). If greater detail
is desired, several texts can fully explain and discuss the chemical prop-
erties and analytical methods to assess each vitamin or vitamer.1,11,32 Given
the complex interactions among micronutrients, such as vitamins and
other ingested compounds, it will be beneficial for scientists to assess
vitamin status in athletes to justify or better explain biochemical occur-
rences affecting their training, competition, or recovery.

When initiating the process of assessing vitamin status, refer to texts
or articles that not only explain the methods, but discuss the confounding
analytical factors that lead to the conversion of inactive isomers or insta-
bility of the vitamin(s) being measured. These factors, in conjunction
with the fact that few studies have demonstrated vitamin malnutrition
in athletes, seem to minimize the interest in vitamin research in exercise
science. However, the assessment of vitamin status may prove beneficial
in better understanding performance outcomes of athletes with eating
disorders, those who ingest megadoses of vitamins and other supple-
ments or those performing high training volumes. Therefore, future
research in vitamin assessment should investigate how nutrient or train-
ing status (for example, malnutrition or high training volume) alter the
circulating and stored levels of vitamins and the subsequent effect on
performance.
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I. Introduction

 

As knowledge of the biological roles that mineral elements play in the
development and maintenance of physical fitness and performance grows,
there is burgeoning need for tools to assess the adequacy of mineral element
nutritional status of physically active persons. Pursuit of the appropriate
assessment tool is complicated by theoretical and practical limitations. The
ideal method is specific and sensitive; it distinguishes adequate from defi-
cient nutritional status and discriminates graded degrees of nutritional defi-
ciency. The method also is practical, convenient and noninvasive, reflects
cellular mineral element content and adequacy of function and responds
proportionally to changes in dietary intake. Unfortunately, no single method
achieves all of these criteria. Thus, a compromise among available
approaches is needed to accommodate the requirements of a valid and
practical method to routinely assess human mineral nutritional status.

 

1

 

This chapter details some basic approaches for assessment of mineral
nutritional status with an emphasis on biochemical methods and indicators.
The focus is mineral elements that are either acknowledged to have key roles
in promoting physical performance or are used as performance-enhancing
supplements; they include calcium, chromium, copper, iron, magnesium,
phosphorus and zinc. This review supplements a previous publication of
laboratory methods for nutritional status assessment.

 

2

 

 It presents reference
intervals of biochemical measures for assessment of mineral element status,
features typical blood biochemical markers found in diverse groups of phys-
ically active persons and identifies physiological impairments or adaptations
associated with altered mineral nutritional status.

 

A. Dietary Intake

 

The estimated daily intake of nutrients is a common indicator of nutritional
status. The use of a self-reported dietary history or diet recall in conjunction
with the availability of computerized programs and mineral nutrient data
bases permits calculation of individual nutrient intakes from commonly
consumed foods. Evaluation of adequacy of intake requires the comparison
of self-reported intake with established national recommendations.

 

3,4

 

 This
approach relies on accurate recording or recall of amounts of specific foods,
reporting of intake on days of the week that are representative of usual food
consumption and nutrient databases that accurately reflect nutrient contents
of the food consumed. Interpretation of adequacy of intake relies on the
threshold of 70% of recommended intake. The tendency of individuals to
report less food than they actually consume limits the accuracy of this
approach.

 

5,6
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B. Blood Biochemical Measures

 

Blood biochemical analyses offer an unbiased alternative to self-reported
food intakes. The concentrations of minerals in serum or plasma, mineral
concentration in the cellular components of the blood, and the activities of
mineral-containing enzymes or metalloenzymes in the circulation are routine
assessment measures. The basis for these determinations is the assumption
that these variables are proportional to their intracellular contents and thus
reflect tissue or organ content and function. Some factors complicate the
validity of these measures to index nutritional status. Circulating mineral
element concentrations may be affected by factors unrelated to diet or whole-
body mineral status (e.g., hormones, stress, inflammation, etc.). Importantly
for physically active persons, alterations in the extracellular fluid volume
may artificially increase concentration values, which may be corrected for
decreases in plasma volume.

 

7,8

 

1. Sample Collection

 

Accurate determination of mineral elements in biological specimens requires
special precautions and presents specific analytical problems.

 

9

 

 Use of con-
sistent sampling procedures is mandatory because mineral element distri-
butions in the same tissue are variable. Analysis of seemingly homogenous
specimens such as blood may be markedly affected by sampling and pro-
cessing procedures. Hemolysis or microhemolysis of a whole-blood sample
can yield erroneously high plasma or serum concentrations of iron or zinc
because erythrocyte concentrations of these and other minerals are more
than 10 times greater than those in plasma.

 

10

 

 Also, concentrations of zinc are
5 to 15% greater in serum than plasma because of release of zinc from
platelets and erythrocytes during clotting. Selection of an anticoagulant also
is important because of the potential expansion of plasma volume associated
with intracellular fluid shifts.

 

2. Sample Contamination

 

The critical problem affecting the validity of mineral element analyses is
sample contamination from external sources. In experimental and laboratory
environments, mineral elements exist in nanogram (ng) and milligram (mg)
amounts. Thus, a significant portion of an analytical value may be the result
of contamination unless appropriate precautions are followed. Contamina-
tion, therefore, contributes to the wide variation of reported reference values,
specifically in the mineral elements reported in the part per billion range
(e.g., ng/g).

Many sources of contamination in the laboratory include dust, rubber,
paper products, wood, metal surfaces, skin, dandruff and hair. Plastic and
borosilicate glass are best suited for trace element analysis. Specifically, flu-
orocarbon, polyethylene and polypropylene plastics are recommended. Sur-
faces in contact with samples for analysis should be cleaned of adherent

 

0927_C14_frame  Page 342  Thursday, March 21, 2002  2:16 PM



 

Assessment of Mineral Status of Athletes

 

343

mineral elements by soaking with dilute nitric acid or commercial, metal-
binding solutions. Water should meet or exceed American Chemical Society
standards of 14 M

 

Ω

 

/cm

 

2

 

 for elemental contamination or resistivity.

 

9

 

Reagents and anticoagulants should be free of mineral elements. Disposable
syringes and stainless steel needles should be used for blood collection.
Importantly, stainless steel needles are not acceptable for phlebotomy for
chromium, nickel and other ultratrace elements unless they are siliconized;
stainless steel contains high chromium and nickel contents. Commercially
available evacuated blood collection tubes may be problematic if specimens
contact the stopper. Mineral elements may leach from the stopper into the
blood and thus contaminate the specimen.

 

3. Analytical Methods

 

Measurement of mineral elements in biological specimens requires analytical
sensitivity, specificity, precision, accuracy and expedience. Analytical sensi-
tivity is paramount because concentrations of trace and ultratrace elements
occur in the microgram (mg) to ng/g range.

Although a variety of analytical techniques are available, atomic absorp-
tion spectrophotometry (AAS), emission spectroscopy including induc-
tively coupled plasma emission spectroscopy (ICPES) and inductively
coupled mass spectroscopy (ICPMS) are commonly used in clinical set-
tings. The AAS method is the routine assessment tool of single mineral
element analysis. Samples may be diluted and aspirated directly into the
flame. Electrothermal or flameless AAS methods are available for micro
samples and very low concentrations (< 50 ng/g). Background correction
using Zeeman or deuterium arc techniques is often necessary with electro-
thermal AAS to overcome matrix or background interferences. The ICPES
is a multi-elemental method that is replacing AAS for many mineral ele-
ment applications. It enables simultaneous multi-elemental measurements
over a wide analytical range.

 

4. Quality Control

 

Effective quality assurance procedures must be included in mineral element
analysis plans because methods for mineral analysis generally are not stan-
dardized and are prone to interferences from biological matrices and external
contamination. An effective quality control program for trace and ultratrace
mineral analyses necessitates the following components. In each batch of
samples, there should be reagent blanks, replicate analyses to estimate pre-
cision, and reference materials with known or certified concentrations of
mineral elements prepared similarly to the unknown samples to enable
assessment of accuracy and batch-to-batch precision. Importantly, the refer-
ence material should possess the same matrix and approximately the same
amounts of analytes as the unknown samples. A variety of reference or
control materials are available commercially.

 

0927_C14_frame  Page 343  Thursday, March 21, 2002  2:16 PM



 

344

 

Nutritional Assessment of Athletes

 

II. Calcium

 

Calcium is a major mineral in the body; it serves to provide body structure,
with more than 99% of body calcium stored in bone. The remainder of body
calcium exists in tissues and extracellular fluid and acts to regulate a wide
variety of body functions including muscle contraction, blood coagulation,
enzyme activation, nerve transmission, signal transduction in hormone actions
and membrane transport. Calcium in the plasma exists in different physiolog-
ical forms. Approximately 50% of calcium is free or ionized; it is available for
incorporation into intracellular compartments. Forty percent is bound to
plasma proteins, mainly albumin; this binding is highly dependent on pH.
About 20% of the protein-bound calcium is bound to globulins. The remaining
10% of plasma calcium is associated with diffusable anions including bicar-
bonate, lactate, citrate and phosphate. Factors such as diet, stress and illness
alter the distribution of calcium among these three metabolic pools and thus
affect the amounts of total and ionized calcium in the circulation.

 

A. Methods for Assessing Calcium Status

 

Assessment of calcium status relies on determination of either total or ion-
ized calcium. Ionized calcium, also termed free calcium, is generally consid-
ered to be the physiological form of calcium because it is biologically active
and is highly controlled by calcium-regulating hormones. Because approxi-
mately 60% of circulating calcium is bound to proteins, total calcium con-
centrations are markedly influenced by protein concentrations, principally
albumin.

 

1. Total Serum Calcium

 

Three methods currently used to determine total calcium in biological fluids
include photometric analysis, titration of a fluorescent calcium complex with
EDTA or ethylene glycol tetraacetic acid (EGTA), and AAS. The approved
reference method for measuring serum concentrations of calcium is AAS;

 

11

 

it provides improved accuracy and precision compared with the spectropho-
tometric methods. Detailed procedures for the determination of calcium in
serum are available.

 

12

 

2. Serum Ionized Calcium

 

Serum ionized calcium, which represents the majority of calcium in the
circulation, is the physiologically active form of calcium. In contrast to total
serum calcium, which may be normal in conditions characterized by neuro-
muscular irritability such as vitamin D-deficient rickets and hypoparathy-
roidism, serum ionized calcium concentration is reduced.
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Physiological and measurement conditions, including changes in the spec-
imen pH, the use of EDTA or heparin and high concentrations of magnesium
and sodium, affect serum ionized calcium concentrations.

 

13

 

 Because most
anticoagulants bind calcium, serum is the preferred specimen for measuring
ionized or free calcium. Common biologically active anions, including cit-
rate, phosphate, oxalate and sulfate, form complexes with free calcium and
thus may reduce its apparent concentration. The binding of free calcium by
protein and relatively small anions is affected by pH both 

 

in vivo

 

 and

 

 in vitro

 

.
Biological specimens should be analyzed at the pH of the blood because of
the inverse relationship between pH and ionized or free calcium. Anaerobic
conditions should be maintained because specimens lose carbon dioxide and
become more alkaline when exposed to air. Also, specimens should be han-
dled with care to minimize metabolism of erythrocyte and leukocytes, which
produce acids and decrease pH.

 

3. Calcium Reference Intervals and Data from Interventions in 
Physical Activity

 

In healthy adults, serum calcium concentrations range from 8.6 to 10.2 mg/
dL or 2.15 to 2.55 mmol/L.

 

12

 

 Concentrations decrease with age in men;
females have slightly lower concentrations than males. Serum ionized cal-
cium concentrations range from 4.64 to 5.28 mg/dL or 1.16 to 1.32 mmol/L
in healthy adults.

Supplemental calcium in conjunction with a program of weight-bearing
activity has been used to prevent and treat age-related bone loss in non-
osteoporotic women.

 

14

 

 However, when both treatments have been applied,
no additive effects were found in elderly women.

 

15

 

Calcium supplementation apparently does not influence the risk of devel-
oping bone stress injuries. Supplementation of healthy military recruits with
500 mg of calcium, as compared with placebo, had no effect on the frequency
of overuse injuries during 9 weeks of physical training.

 

16

 

 Because total daily
calcium intake was at least 800 mg/d, the authors concluded that this
amount of calcium was adequate to protect against overuse bone injuries.

Although the importance of measuring blood biochemical indicators of cal-
cium status is well established in the evaluation of endocrine control of bone
metabolism, measurements of calcium status in physically active persons are
not common. Assessment of bone status relies on determinations of bone mass
and quality with dual x-ray absorptiometry and determinations of circulating
hormones involved in maintenance of bone accretion and turnover.

 

III. Chromium

 

Chromium is an ultratrace element; it facilitates the biological action of insulin
in carbohydrate, protein and lipid metabolism.

 

17

 

 Chromium, which binds to

 

0927_C14_frame  Page 345  Thursday, March 21, 2002  2:16 PM



 

346

 

Nutritional Assessment of Athletes

 

an intracellular, low-molecular weight chromium-binding protein, potentiates
the auto-amplification of insulin signaling by stimulating the insulin receptor
kinase activity in insulin-sensitive cells.

 

18

 

 Insulin resistance may be a conse-
quence of chromium deficiency because insulin apparently is inefficient as a
regulator of glucose uptake and utilization without chromium. Because of
analytical problems with measurements of very small concentrations of chro-
mium in foods, beverages and biological samples as well as interferences with
chromium contamination, human metabolic studies of chromium are very
limited. Thus, inference of human chromium deficiency relies on improvement
in glucose tolerance after supplementation.

 

17

 

A. Method for Assessment of Chromium Status

 

Analytical limitations because of trace concentrations of chromium in human
tissues and fluids have limited the identification of a reliable measure of
body chromium status.

 

17

 

 Early reports of serum and urinary chromium
concentration were erroneous because of contaminations and other analyti-
cal problems. With improved method sensitivity and capability of identifi-
cation and elimination of external chromium contamination, substantially
decreased estimates of chromium concentration in biological and food sam-
ples appeared.

The preferred method for determination of chromium in biological sam-
ples is AAS with a graphite furnace and Zeeman correction.

 

19

 

 Caution is
advised to avoid any contact of a sample with any metal surface, including
the use of stainless steel needles unless they are siliconized.

 

1. Reference Intervals and Data from Physically Active Persons

 

The current adult reference range for serum chromium concentration is <
0.05 to 0.5 µg/L or 1 to 10 nmol/L. Urinary chromium excretion is referenced
at 100 to 200 ng/24h. Consumption of chromium supplements will increase
daily urinary chromium output depending on the dose and duration of the
supplement usage.

Data describing serum chromium concentrations and urinary chromium
excretion are limited. Anderson and co-workers

 

20

 

 reported significantly
increased serum chromium concentrations in nine men after they ran 6 miles
(10 km). Basal values were 0.12 ± 0.06 (mean ± SD) µg/L, increased to 0.17
± 0.09 µg/L immediately after running, then to 0.19 ± 0.09 µg/L 2 h after
exercise. Urinary chromium output also increased significantly from non-
exercise values of 0.20 ± 0.12 to 0.37 ± 0.24 µg/d on the day of running.
Among young men consuming self-selected diets and participating in an 8-
wk resistance training program, serum chromium concentrations increased
from 13 ± 4 to14.5 ± 4 nmol/L.

 

21

 

 With chromium supplementation (~ 180
µg/d as chromium picolinate), serum chromium increased from 13 ± 4 to 16
± 3 nmol/L. Concomitantly, urinary chromium excretion increased only with
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chromium supplementation. Thus, both exercise and chromium supplemen-
tation affect serum and urinary chromium.

 

IV. Copper

 

The biochemical role for copper is primarily catalytic, with many copper
metalloenzymes acting as oxidases to achieve the reduction of molecular
oxygen. In these oxidation-reduction reactions, copper serves as the reactive
center in the copper metalloenzymes. Some examples include ceruloplasmin,
superoxide dismutase, dopamine-

 

β

 

-hydroxylase, lysyl oxidase, cytochrome
c oxidase and tyrosinase.

 

22

 

 Thus, copper plays a key role in supporting
increased energy expenditure during physical activity.

Copper deficiency decreases the activity of copper metalloenzymes and
results in marked biological impairments.

 

22

 

 Defective connective tissue cross-
links in heart, muscle and bone may be attributed to decreased lysyl oxidase
activity. Hypopigmentation has been associated with depressed tyrosinase
activity required for melanin synthesis. Oxidative damage in various organs,
tissues and organelles has been shown to be the result of decreased superoxide
dismutase activity. Altered catecholamine concentrations and hypothermia
have been attributed to decreased dopamine-

 

β

 

-hydroxylase activity in
brown adipose tissue.

 

23

 

A. Methods for Copper Assessment

 

Biochemical indicators of copper nutritional status continue to undergo eval-
uation and validation. Despite the lack of an unequivocal marker of human
copper nutritional status, a number of indices are useful in the diagnosis of
human copper deficiency.

 

1. Serum or Plasma Copper Concentration

 

A common measure of copper status is serum or plasma copper concentra-
tion; low copper concentration in plasma or serum is an indicator of depleted
body copper stores. Yet plasma copper concentrations are unreliable indica-
tors of short-term marginal copper status in humans. Homeostatic mecha-
nisms regulate plasma copper concentrations within a narrow range. Thus,
plasma copper concentrations decrease only after significant depletion of
body copper stores.

 

24

 

 Factors independent of copper intake affect circulating
copper concentrations. Women generally have higher plasma or serum cop-
per concentrations than men; estrogen increases plasma copper concentra-
tions in women taking oral contraceptive agents and postmenopausal
women receiving estrogen therapy.

 

25

 

 Plasma copper concentrations are
increased in pregnancy, inflammation, infection and rheumatoid arthritis.

 

26

 

In contrast, general stress and glucocorticoid hormones increase plasma
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copper concentrations.

 

26

 

 Thus, conditions that elevate serum copper may
belie decreased serum copper even during copper deprivation. Also, circum-
stances that reduce serum copper should be eliminated before a valid assess-
ment of copper nutritional status can be undertaken.

The method of choice for determination of plasma or serum copper is AAS
after dilution of the specimen with deionized water. Hemolysis is not a major
concern for copper determinations because concentrations of copper in
erythrocytes and plasma are similar.

 

2. Ceruloplasmin

 

More than 80% of the copper in plasma is associated with the protein
ceruloplasmin; changes in plasma copper are reflected in changes in the
amount of this protein in the circulation. Both the enzymatic activity of
ceruloplasmin and the immunoreactive protein ceruloplasmin respond
similarly to age, sex and hormone use; they increase in pregnancy and in
response to inflammation. Enzymatic activity of ceruloplasmin has been
shown to be an indicator of copper status in animals and humans deprived
of copper.

 

24

 

Serum ceruloplasmin can be measured immunochemically or by its oxi-
dase activity. The copper-depleted apo-ceruloplasmin is likely present in
normal and copper-deficient serum.

 

24

 

 Thus, chemical assays of its oxidase
activity are preferred as an index of copper status. The specific activity of
ceruloplasmin, defined as the ratio of enzymatic activity to the immunore-
active protein, may be a sensitive marker of copper status because it was
inversely related to blood pressure response to hand-grip work.

 

27

 

 This ratio
is not affected by age, sex or hormone use.

 

24

 

3. Superoxide Dismutase Activity

 

There are two distinct forms of copper, each of which utilizes copper in its
reactive center. 

 

Zinc superoxide dismutase (SOD)

 

: these isozymes are charac-
terized by their cellular location and distribution among various tissues. The

 

erythrocyte isoform (SOD1)

 

 is localized in the nucleus and cytoplasm and
found principally in erythrocytes and liver cells.

 

28

 

 However, the extracellular
isoform (SOD3) is concentrated in the extracellular matrix of tissues, specif-
ically lung and kidney and is the dominant extracellular antioxidant enzyme
found in the serum.

 

29

 

a. Erythrocyte Superoxide Dismutase

 

Erythrocyte superoxide dismutase activity decreases during copper defi-
ciency in humans and some animal species. It also is sensitive to changes in
copper status, as shown in several studies of experimental copper depriva-
tion.

 

24

 

 Compared with other biochemical markers of copper status such as
plasma copper and ceruloplasmin, erythrocyte superoxide dismutase activ-
ity is independent of age, sex and hormone use.

 

30
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b. Extracellular Superoxide Dismutase

 

The extracellular superoxide dismutase is a secretory protein present in
relatively reduced amounts in the circulation relative to its tissue source.

 

29

 

It is responsive to changes in copper

 

31

 

 and zinc

 

32,33

 

 intake in animal models.
Some controversy exists regarding the specificity of the activity of extracel-
lular superoxide dismutase as a functional indicator of copper or zinc status,
as both conditions have been shown to reduce its activity.

 

34,35

 

Biochemical assays for superoxide dismutase are based on the indirect
measurement of activity that consists of a superoxide generating system and
a superoxide indicator that is measured spectrophotometrically.

 

36

 

 Addition
of copper, zinc superoxide dismutase, specifically SOD1, inhibits the absorp-
tion change. The use of the autoxidation of pyrogallol is the method of choice
for determination of erythrocyte superoxide dismutase activity.

 

37

 

 In contrast,
the autoxidation of xanthine by xanthine oxidase is the recommended
method for determination of extracellular superoxide dismutase.

 

38

 

A practical problem arises from the use of superoxide dismutase activities
to assess copper status; there are no uniform reference ranges available. To
facilitate the use of superoxide dismutase, it is suggested that reference
ranges be developed in each laboratory and conditions used for analysis be
maintained.

 

4. Cytochrome C Oxidase Activity

 

Decreased tissue cytochrome c oxidase activity is an early and consistent
trait of copper deficiency in animals. Reductions of 50% of normal cyto-
chrome c oxidase activity are associated with impaired neurological, cardiac
and muscle functions.

 

39

 

 Studies in humans report that cytochrome c oxidase
activities in platelets are decreased when dietary copper is restricted.

 

24,40

 

Cytochrome c oxidase activity in platelets and leukocytes paralleled copper
status in animals;

 

41

 

 the cytochrome c oxidase activity correlated directly with
liver copper concentration, an established index of copper status in animals.

Available methods for determination of cytochrome c oxidase activity in
blood cells and tissues utilize the spectrophotometric analysis of the oxida-
tion of ferricytochrome c. A microassay has been described that uses a
coupled reaction between cytochrome c and 3-3'-diaminobenzidine tetra-
chloride in microwell plates.

 

42

 

Age apparently affects cytochrome c oxidase activity.

 

24,40

 

 Platelet and leuko-
cyte cytochrome c oxidase activity are higher in older than in young adults,
but are not affected by sex or hormone use. Other factors that may limit the
use of this marker include considerable between-individual variability, the
labile nature of this enzyme and its sensitivity to minor variations in technique.

 

5. Copper Reference Intervals and Data from Athletes

 

Serum copper concentrations are higher in women of child-bearing age, 80
to 190 µg/dL or 12.6 to 24.4 µmol/L, than in men, 70 to 140 µg/dL or 11 to
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22 µmol/L. Serum copper is highest in pregnant women, 118 to 302 µg/dL
or 18.5 to 47.4 µmol/L. The range of normal values for children 6 to 12 yrs
of age is 80 to 90 µg/dL or 12.6 to 29.9 µmol/L.

 

11

 

There is a paucity of data describing the copper status of athletes. Among
nine healthy, middle-aged runners, serum copper was 93 ± 15 µg/dL.

 

20

 

 In a
sample of 44 male university athletes, plasma copper was 90 ± 14 µg/dL with
hypocupremia (< 70 µg/dL) present in four of the men.

 

43

 

 Plasma copper (95
± 11 and 94 ± 10 µg/dL) and enzymatic ceruloplasmin (419 ± 37 and 397 ± 38
mg/L) were unchanged from preseason to end of the competitive season in
12 elite female university swimmers.

 

44

 

 Similarly, plasma copper and enzymatic
ceruloplasmin were within the range of normal values for male and female
swimmers before and during a competitive season.

 

45

 

 Interestingly, SOD1 activ-
ity increased significantly in response to swim training, despite reduced cop-
per intake.

 

45

 

 Apparently the increased activity of this enzyme was an
adaptation to increased oxidative stress associated with aerobic training.

Copper status of runners has also been assessed. Anderson et al.

 

20

 

 reported
serum copper of 93 ± 5 µg/dL for nine trained runners. In contrast, Singh
et al.

 

46

 

 found increased plasma copper (18.8 ± 3.5 vs. 16.1 ± 3.1 µg/dL),
decreased erythrocyte copper (1.06  ± 0.21 vs. 1.26 ± 0.15 µg/g) and similar
enzymatic ceruloplasmin (287 ± 49 vs. 281 ± 50 mg/L) in 45 female runners
compared with 27 nonrunners. Thus, exercise apparently induced a redis-
tribution of copper in the women.

It is useful to acknowledge that the use of more than one biochemical
measure of copper status will increase the probability of reliably identifying
an individual as copper deficient or adequate. Thus, the use of multiple
indicators, such as serum copper and platelet cytochrome c oxidase and
superoxide dismutase, will enhance success of a valid assessment of copper
nutritional status in physically active persons.

 

V. Iron

 

Iron serves as a component of a number of proteins, including enzymes and
hemoglobin, that are required for metabolic energy production. More than
60% of iron in the body is found in hemoglobin in circulating erythrocytes.
A readily mobilizable iron store accounts for another 25% of body iron. The
remaining 15% is in myoglobin of muscle and a variety of iron-containing
enzymes, such as the cytochromes, required for oxidative metabolism and
other cellular functions. Thus, iron functions in delivery of oxygen to tissues
and facilitates the use of oxygen at the cellular level.

Iron deficiency is one of the most prevalent micronutrient deficiencies in
both industrialized and developing countries.

 

47

 

 It is most common among
children and women during their reproductive years; it may be seen among
men as the result of chronic blood loss associated with parasitic load. Severe
iron deficiency is manifest as anemia with adverse consequences such as
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impaired immune function, decreased work capacity, cold intolerance and
compromised learning ability. In contrast, iron overload, which may be
caused by progressive accumulation of iron in tissues (idiopathic hemochro-
matosis), may contribute to ischemic heart disease and cancer. It also may
be the result of excessive use of iron supplements, injections of therapeutic
iron or blood transfusions

 

A. Methods for Iron Assessment

 

Because the iron status of humans ranges from deficiency states to iron over-
load, a variety of biochemical indices are available. Some common measure-
ments include hemoglobin, hematocrit, various erythrocyte indices, ferritin,
serum iron, total iron-binding capacity, transferrin, transferrin saturation, free
erythrocyte protoporphyrin, zinc protoporphyrin and transferrin receptors.
These status indicators vary in their sensitivity and specificity.

 

1. Hemoglobin and Hematocrit

 

Measurement of hemoglobin concentration in whole blood is perhaps the
most widely used assessment tool for iron deficiency anemia. As an indicator
of iron deficiency, it is relatively insensitive and exhibits low specificity.
Hemoglobin concentrations decrease only during the late stages of iron
deficiency after tissue iron stores have been greatly reduced. Moreover,
hemoglobin concentration may be affected by other nutritional perturbations
such as folic acid, copper and vitamin B

 

12

 

 deficiency, and other conditions
including pregnancy, tobacco smoking, infection and inflammation, as well
as dehydration.

 

48

 

 A common method for measurement of hemoglobin in
blood includes spectrophotometry after anticoagulation with heparin or
EDTA and conversion to cyanomethemoglobin.

Hematocrit or packed erythrocyte volume decreases after erythrocyte pro-
duction has been reduced. Thus, it also is relatively insensitive and non-
specific because hematocrit is influenced by the same factors that affect
hemoglobin concentrations, mainly changes in plasma volume.

 

2. Ferritin

 

Serum ferritin concentration is in equilibrium with body stores ,and varia-
tions in the quantity of iron in the storage compartment are reflected in
serum ferritin concentration.

 

49

 

 Serum ferritin concentration declines very
early in the development of iron deficiency, well in advance of any reductions
in hemoglobin or serum iron concentration. Thus, serum ferritin may serve
as a useful indicator of iron deficiency. However, certain chronic conditions
increase serum ferritin concentrations independently of iron intake. These
conditions include chronic infections, inflammatory diseases, some malig-
nancies and liver damage. Among healthy women depleted of iron by diet
and phlebotomy, then repleted with iron, serum ferritin was the most
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sensitive measure of changes in iron status and stores.

 

50

 

 Serum ferritin con-
centrations are currently determined by using immunological techniques.
Commercial radioimmunoassay (RIA) and enzyme-linked immunosorbent
assay (ELISA) kits are available.

 

3. Serum Iron, Total Iron-Binding Capacity, Transferrin and 
Transferrin Saturation

 

Measurement of iron and iron bound to transport proteins in the circulation
provides another approach to assess iron nutritional status. Serum iron and
total iron-binding capacity reflect the transit of iron from the reticuloendothe-
lial system to the bone marrow. Transferrin, or the serum transport protein for
iron, generally is only one third saturated with iron in normal circumstances.
Transferrin may be measured immunologically, but practically, it is determined
as total iron-binding capacity. The most useful measure of iron transport is
transferrin saturation, the ratio of serum iron to total iron-binding capacity,
because serum iron and iron-binding capacity respond in reciprocal manner
to iron deficiency and overload. A transferrin saturation less than 16% indi-
cates an inadequate iron intake; in contrast, iron saturation exceeding 55%
reflects iron overload and possibly hemochromatosis.

Serum or plasma iron is measured by using chromogens, such as bantho-
phenanthroline sulphonate and ferrozine and spectrophotometry. The use
of AAS to measure serum or plasma iron is not recommended because AAS
will determine the heme iron released during hemolysis; the colorimetric
procedure does not detect heme iron. Total iron-binding capacity is deter-
mined by initially saturating the serum with excess iron, then adding mag-
nesium carbonate to adsorb and remove excess iron not bound to transferrin.

 

4. Transferrin Receptor

 

The cell membranes of the developing erythrocyte precursors in bone marrow
are very rich in transferrin receptors to which iron-transferrin complex binds
before it is internalized and the iron is released from transferrin in the cytosol.
The number of transferrin receptors increases during iron deficiency and
decreases during iron excess. Studies in humans indicate that serum transfer-
rin receptors decline as iron stores are depleted,

 

51

 

 thus confirming the diag-
nostic value of serum transferrin receptor concentration as a measure of
anemia. Circulating serum transferrin receptor concentrations increased only
after iron stores were replenished but in advance of other markers of iron
deficiency. The ratio of serum transferrin receptor to ferritin concentration
shows an inverse relationship to iron status from usual iron stores to iron
overload.

 

52

 

 Thus, this ratio may be a practical and useful indicator of iron
deficiency without anemia. Importantly, transferrin receptor concentration is
not markedly affected by inflammation or liver disease, as is ferritin.

 

53

 

 Trans-
ferrin receptor concentrations can be determined by using commercially avail-
able ELISA; care is required to minimize between-batch variability.
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5. Free Erythrocyte Protoporphyrin and Zinc Protoporphyrin

 

The concentrations of these proteins have been found to be sensitive indi-
cators of iron-deficient erythrocyte production. In iron deficiency, these por-
phyrins accumulate in erythrocytes because a lack of iron decreases the rate
of heme synthesis.

 

54

 

 Changes in free erythrocyte protoporphyrin or zinc
protoporphyrin are relatively insensitive to acute changes in iron status
because iron stores must be depleted before heme synthesis is affected and
because of the slow turnover rate of erythrocytes — 90 to 120 days. Free
erythrocyte protoporphyrin and zinc protoporphyrin concentrations are
measured spectrophotometrically.

 

6. Iron Reference Intervals and Data from Athletes and Physically 
Active Persons

 

Serum iron concentrations range from 65 to 165 µg/dL or 11.6 to 31.3 µmol/
L in men and 50 to 170 µg/dL or 9.0 to 30.4 µmol/L in women.

 

11

 

 Total serum
iron-binding capacity in healthy adults ranges from 250 to 425 µg/dL or 44.8
to 76.1 µmol/L. Serum ferritin concentrations range from 20 to 250 µg/L in
men and 10 to 120 µg/L in women. Ferritin concentrations less than 10 µg/
L indicate depleted iron stores, whereas concentrations greater than 300 µg/
L suggest iron overload.

Iron status in athletes and physically active persons has been summarized
in several reviews.

 

1,55

 

 Iron-deficiency anemia, defined as hemoglobin concen-
trations less than 110 and 120 g/L in women and men, respectively, has been
reported in physically active persons (Table 14.1). This severe iron deficiency
is associated with reduced aerobic capacity in athletes and decreased work
productivity in agricultural laborers. In some studies, the anemia is present in
all of the subjects.

 

56

 

 Generally, anemia is present in some but not all volunteers
examined.

 

57-60

 

 Perhaps more common is mild iron deficiency, characterized by
decreased iron stores and increased iron-binding capacity. Since the initial
finding that depleted body iron stores adversely affect submaximal work
metabolism,

 

61

 

 there has been increased awareness that iron deficiency without
anemia is associated with impaired work ability. Studies of adolescents, par-
ticularly girls, show significant decreases in serum ferritin with normal hemo-
globin concentrations and impaired training or endurance.

 

62,63

 

 Among adults,
iron-deficiency without anemia is manifest with alterations in endurance and
performance and increased reliance on glycolytic metabolism.64-66 Thus, sur-
veys of athletes should include determinations of hemoglobin as well as mea-
surements of body iron stores and transport iron.

VI. Magnesium

Magnesium is an intracellular cation, second in concentration only to potas-
sium. It is required in a wide variety of fundamental cellular processes that
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support diverse physiological functions.67 Magnesium is involved in more
than 300 enzymatic reactions in which food is metabolized and new prod-
ucts are formed. Some of these reactions are involved in glycolysis, fat and
protein metabolism, hydrolysis of adenosine triphosphate (ATP) and sec-
ond messenger system and signal transduction. Magnesium also regulates
membrane stability and neuromuscular, cardiovascular, immune and hor-
monal functions. Thus, magnesium status may be a limiting factor in
physical performance.

TABLE 14.1

Selected Summary of Blood Biochemical Measures of Iron Status in Physically 
Active Individuals (Mean ± SD)

Source Activity Indicator* Female n Male n

Viteri and Torun56 Laboring Hb 91 ± 11 78
Magnusson et al.57 Running Hb 140 ± 5 5

SF 31.0 ± 29.3
SFe 17.4 ± 8.3
TIBC 61.0 ± 2.1
TS 28.4 ± 13.8

Celsing et al.58 Running Hb 110 ± 7 9
Magazanik et al.59 Running Hb 126 ± 9 11 148 ± 7 18

SF 7.8 ± 8.8 28.8 ± 15.2
SFe 9.6 ± 2.6 13.6 ± 3.3
TIBC 72.8 ± 4.1 66.2 ± 4.6

Rowland et al.62 Running Hb 129 ± 5 14
SF 8.7 ± 3.5

Rowland et al.63 Swimming Hb 133 ± 8 15
SF 20.2 ± 13.7

Newhouse et al.60 Running Hb 130 ± 6 19
SF 12.2 ± 4.3

Lukaski et al.64 Cycling Hb 120 ± 7 11
SF 6.0 ± 4.1

Zhu and Haas65 Running Hb 137 ± 8 17
SF 12.2 ± 8.1
STfR 6.0 ± 3.5
TIBC 60.7 ± 16.1
TS 19.0 ± 12.9

Hinton et al.66 Running Hb 133 ± 4 20
SF 8.1 ± 0.8
STfR 7.9 ± 0.7
SFe 13.4 ± 1.6
TIBC 65.0 ± 2.5
TS 20.9 ± 2.0

* Hb = hemoglobin (g/L); SF = serum ferritin (µg/L); STFR = serum transferrin
receptors (mg/L); SFE = serum iron (µmol/L); TIBC = total iron-binding capacity
(µmol/L); TS = transferrin saturation (%)
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A. Methods for Magnesium Assessment

Evaluation of human magnesium status is challenging; there is no simple,
rapid and accurate laboratory test to indicate magnesium status.67 A number
of approaches have been used to assess magnesium status including deter-
mination of circulating magnesium, measurement of cellular magnesium
content and indirect assessment of body magnesium stores.

1. Serum or Plasma Magnesium Concentration

Serum magnesium is the most commonly used indicator of magnesium
status. Although a practical tool, serum or plasma magnesium is only an
index of the presence or absence of magnesium deficiency. Low magnesium
concentration or hypomagnesemia reliably indicates magnesium deficiency;
however, its absence does not exclude significant magnesium depletion. The
concentration of magnesium in serum has not been shown to be correlated
with the concentration of magnesium in any other tissue pools except inter-
stitial fluid, a component of the extracellular fluid.68

Serum, rather than plasma, is preferred because anticoagulants may be
contaminated with magnesium or affect the assay procedure. It is critical to
avoid hemolysis because the magnesium concentration of erythrocytes is
three times as great as in serum. Magnesium concentration in serum is
determined directly by flame AAS after diluting 50-fold with a lanthanum
chloride or oxide diluent.

2. Ionized Magnesium Concentration

Magnesium in serum exists in several forms at physiological pH; protein-
bound (19–34% of total), free magnesium ion (61–67% of the total) and
complexed to certain anions (5–14% of the total).69 The free or ionized mag-
nesium is considered to be the metabolically active form.70 Technology for
measuring ionized magnesium in serum with ion-specific electrodes has only
recently been available. Alternatively, the use of magnetic resonance spec-
troscopy provides the unique opportunity to measure intracellular magne-
sium in tissues in vivo at rest and during exercise.71 This novel technology
is restricted to a few research laboratories.

3. Magnesium Concentration in Muscle

More than 26% of the magnesium in the body is localized in muscle. Knowl-
edge of the fundamental biological roles of magnesium in metabolism suggests
that muscle is an appropriate tissue to sample in both healthy and ill persons
to assess magnesium nutriture. Percutaneous skeletal muscle biopsy has been
used to assess magnesium status in humans.72 Factors such as being an inva-
sive procedure and requiring special skills and equipment limit its general use.
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4. Magnesium Content of Blood Cells

The mononucleated white cell has been proposed as a possible indicator of
cellular magnesium status. In humans, magnesium concentrations of the
mononucleated white cells do not correlate with serum or erythrocyte mag-
nesium concentrations. However, several studies have shown a significant
correlation between the magnesium concentration of the mononucleated
cells and skeletal muscle magnesium.70,71

Another candidate measure of human magnesium status is erythrocyte
magnesium. As with serum magnesium, erythrocyte magnesium has not
been a significant predictor of tissue magnesium concentration. Although
the clinical usefulness of determining erythrocyte magnesium is unclear,
some studies have found that changes in erythrocyte magnesium reflect
hypertension, chronic fatigue syndrome and premenstrual syndrome.70

5. Magnesium Retention after Acute Administration

Oral and intravenous magnesium loading tests have been described and
perhaps are more widely used as a diagnostic tool than a measure of intra-
cellular magnesium.67 Persons with adequate magnesium in body pools
generally excrete the vast majority (75 to 100%) of the administered dose
with 24 to 48 hr compared with persons with depleted magnesium pools
who retain a significant proportion of the dose. Sensitivity of the response
as well as the need for normal kidney function and the lack of any distur-
bances in myocardial conductivity hamper the application of this test.

6. Magnesium Reference Intervals and Data from Athletes and 
Physically Active Persons

Total magnesium concentrations, as determined by AAS, range from 1.6 to
2.6 mg/dL or 0.66 to 1.07 mmol/L.11 There is no apparent diurnal variation
in total serum magnesium concentration.

Impetus for the measurement of magnesium status of physically active
persons began with a report of hypomagnesemia (plasma magnesium =
0.60 mmol/L) associated with muscle spasms in a competitive tennis
player.73 Magnesium status of athletes has been reported (Table 14.2). Sur-
veys of adult athletes participating in a variety of sports indicate values
of plasma or serum magnesium in the range of normal values.43,74–79 Sim-
ilarly, children participating in swim training had normal values for plasma
magnesium concentrations.80 Intense anaerobic training transiently
decreases plasma magnesium concentration with a parallel increase in
urinary magnesium excretion.81,82 Routine assessment of magnesium status
is recommended because of the adverse effect of magnesium depletion on
muscle function.
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VII. Phosphorus

Phosphorus in the form of inorganic or organic phosphate is the second most
abundant mineral in the body. More than 85% of the phosphorus in the adult
is present in the skeleton as either hydroxyapatite or as calcium phosphate.
The remainder in cells of the soft tissues and the extracellular fluid is present
as inorganic phosphate or in nucleic acids, phosphoproteins, phospholipids
and high energy compounds including phosphocreatine (CP) and adenosine
mono-, di- and triphosphates (AMP, ADP and ATP). Phosphorous is an
essential factor in most energy-producing reactions of cells.

Phosphorus depletion results in low intracellular concentrations of phos-
phoglycerate, ATP and CP that adversely affect muscle function, work
capacity and overall cardiorespiratory function. Impaired phosphorus sta-
tus is associated with long-term total parenteral nutrition, metabolic per-
turbations associated with ketoacidosis, excessive use of antacids
containing aluminum hydroxide or aluminum carbonate because alumi-
num complexes with phosphate.

TABLE 14.2

Blood Biochemical Measurements of Magnesium Status in Athletes (Mean ± SD)

Source Activity Indicator* Female n Male n

Lukaski et al.43 Football, 
basketball, 
hockey, 
track & field

P 0.82 ± 0.09 44

Stendig-Lindberg 
et al.74

Hiking S 0.83 ± 0.14 20

Deuster et al.81 Running P 0.78 ± 0.03 13
Conn et al.80 Swimming P 0.88 ± 0.04 13 0.82 ± 0.06 9
Fogelholm et al.75 Running S 0.83 ± 0.02 114
Fogelholm et al.76 Variable† S 0.85 ± 0.01 278
Cordova et al.77 Soccer S 0.82 ± 0.04 18

UF 0.47 ± 0.04
Volleyball S 0.85 ± 0.04 12

UF 0.50 ± 0.03
Manore et al.82 Aerobic P 0.95 ± 0.07 19

Anaerobic P 0.95 ± 0.07 18
Lukaski et al.78 Swimming P 0.82 ± 0.04 10 0.87 ± 0.03 7
Lukaski et al.79 Swimming P 0.85 ± 0.05 5 0.88 ± 0.05 5

* P = plasma (mmol/L); S = serum (mmol/L); UF = ultra filterable magnesium (mmol/L)
† Running, soccer, skiing, wrestling, track & field, weightlifting
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A. Methods for Assessing Phosphorus Status

Serum phosphorus, measured as phosphate, is used most frequently to
assess phosphorus status. Phosphate in serum exists both as the monovalent
and divalent anion. The ratio of H2PO4

–1 to HPO4
–2 varies from 1:1 in acidosis

to 1:4 at physiological pH and 1:9 in alkalosis. Approximately 55% of the
phosphate in serum is free, 35% is complexed with sodium, calcium and
magnesium and 10% is bound to protein.

Serum phosphorus concentrations are generally measured colorimetri-
cally.83 It is critical to separate blood cells from the serum as soon as possible
because high concentrations of organic phosphate esters in cells may be
hydrolyzed to inorganic phosphate during storage.

1. Phosphorus Reference Intervals and Data from Phosphate 
Supplementation Trials

Age affects the range of normal values for phosphorus. Values are higher in
infancy, then decline throughout childhood until adulthood concentrations
are reached. Serum phosphate, expressed as phosphorus, ranges from 4.0 to
7.0 mg/dL or 1.29 to 2.26 mmol/L in children and from 2.5 to 4.5 mg/dL
or 0.81 to 1.45 mmol/L in healthy adults. Serum phosphate concentrations
also are dependent on meals and variation in the secretion of hormones such
as parathyroid hormone.

Determinations of serum phosphate have been used to evaluate the effects
of phosphate supplements on physical performance rather than to assess
phosphorus nutritional status.84 As compared with placebo, ingestion of 1
gram of tribasic sodium phosphate for 4 days significantly increased basal
serum phosphate concentration from 0.95 ± 0.17 to 1.11 ± 0.32 mmol/L in
six male endurance athletes.85 However, at peak exercise, there was no dif-
ference in serum phosphate concentrations (1.50 ± 0.19 vs 1.48 ± 0.21 mmol/
L). Interestingly, most studies report greater increases in serum phosphate
after a bout of acute exercise than after ingestion of phosphate-containing
supplements.84

VIII. Zinc

The metabolic importance of zinc is emphasized by its vital role for growth
and well-being of animals and plants. Zinc also exerts a key impact by its
presence in more than 300 metalloenzymes participating in essentially all
aspects of metabolism. Some important zinc-containing enzymes include
RNA and DNA polymerase, carboxypeptidase, carbonic anhydrase and alco-
hol dehydrogenase.86 Zinc also plays a regulatory role in gene expression by
affecting gene structure and enzymatic activity.86

Zinc deficiency occurs in various stages in humans. In mild deficiency,
general symptoms such as weight loss occur. Moderate deficiency is
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characterized by growth retardation in children and adolescents, mild der-
matitis, impaired cognition, poor appetite, impaired immune function and
abnormal adaptation to darkness. Characteristics of severe zinc deficiency
include alopecia, weight loss, behavioral and neurophysiological disorders
and ultimately death, if untreated.

A. Methods for Zinc Assessment

Two general approaches for laboratory assessment of zinc status include
measurement of zinc in a body fluid and determination of activity of a
specific zinc-dependent enzyme. Useful tests in the first category are deter-
mination of the zinc concentration of plasma or serum. Functional assess-
ments of zinc-containing enzymes include determinations of enzymatic
activity in blood and responses to controlled stressors such as exercise and
ethanol administration. Although many of the tests have elicited diagnosis
of zinc deficiency, no single test has been proven to be a definitive indicator
of zinc status.

1. Plasma or Serum Zinc

Although the zinc concentration in plasma or serum often has been inter-
preted to indicate human zinc deficiency, it does not reflect whole-body zinc
status universally. Concurrent conditions that decrease plasma zinc concen-
tration without causing zinc depletion including nonfasting conditions,
infection, inflammation, steroid use, pregnancy, low serum albumin associ-
ated with liver disease and malnutrition.

The most practical and reliable analytical method to determine plasma
or serum zinc is AAS. The recommended approach is to use a five-fold
dilution of plasma or serum and standards with 5% glycerol matrix with
AAS.87 Hemolysis must be avoided during sample acquisition and prepa-
ration because erythrocytes contain more than 10 times more zinc than
plasma.

2. Zinc-Containing Enzyme Activities

Several zinc-containing enzymes, such as alkaline phosphatase, carbonic
anhydrase, nucleoside phosphorylase and ribonuclease, are useful indicators
of zinc deficiency. Decreased alkaline phosphatase activity in either serum
or neutrophils has been shown in a number of human zinc-deficient condi-
tions. Zinc-deficient patients supplemented with zinc responded with
increases in alkaline phosphatase activity that paralleled the magnitude of
zinc repletion. Similarly, carbonic anhydrase and nucleoside phosphorylase
activities increased in sickle anemia patients treated with zinc. Enzyme
assays that require reagents that contain zinc generally are unsuitable tests
for assessing zinc status.
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3. Zinc Reference Intervals and Data from Athletes

The accepted reference interval for zinc in plasma is 70 to 150 µg/dL or
10.7 to 22.9 µmol/L. Serum zinc concentrations are generally 5 to 15%
higher than plasma values because of osmotic shifts of fluid into the
extracellular fluid when various anticoagulants are used. Because of diur-
nal variation and significant effects of recent food ingestion, a fasting
morning blood sample is recommended for routine assessment of human
zinc status.

Because of the potential of zinc deficiency to adversely affect all aspects
of metabolism, there has been an effort to assess zinc status in many groups
of athletes (Table 14.3). Dressendorfer and Sockolov88 found that 25% of 76
experienced marathon runners had serum zinc concentration less than 11.5
µmol/L. In a survey of elite German athletes, 25% of the men and women
were identified as hypozincemic as defined by serum zinc concentrations
less than 12.0 µmol/L.89 Among male participants in a 500-km road race,
pre-race serum concentrations were markedly depressed, with the majority
of the values less than 11 µmol/L.90 A similar pattern of low plasma zinc
concentrations was found in elite female endurance runners by Deuster et
al.91 Other studies did not identify low zinc concentrations in runners,20,46,76,93

swimmers,46,79 skiers92 or volleyball players.94 However, some longitudinal
studies of athletes showed small, nonsignificant decreases in serum zinc
during periods of intensive training.93,94

Low serum zinc concentrations have been associated with decreased mus-
cle strength and diminished exercise capacity. Adolescent gymnasts,
screened for delayed pubertal maturation and growth, had serum zinc con-
centrations significantly less than age-matched nontraining adolescents (9.2
± 0.4 vs. 12.4 ± 0.2 µmol/L).95 Among the 21 gymnasts, the 12 girls had lower
serum zinc than the nine boys (8.5 ± 0.3 vs. 10.1 ± 0.6 µmol/L). Serum zinc
concentrations were significantly correlated (r = 0.465) with isometric adduc-
tor strength. Similarly, a screening of 21 male soccer players revealed that
nine had low serum zinc concentrations (8.3 ± 0.2 µmol/L) and 12 had normal
serum zinc (11.3 ± 0.2 µmol/L).96 The hypozincemic men had significantly
decreased peak power output and a lower lactate threshold. Thus, serum or
plasma zinc concentration, specifically hypozincemia, may be a specific indi-
cator of impaired physiological function.

IX. Other Minerals

Two additional minerals, manganese and selenium, are potentially important
in the development of peak performance. Currently, these minerals have not
been intensively studied in the interaction between intake and physical
activity.
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A. Manganese

Manganese is an essential nutrient involved in the formation of bone and
connective tissue, in amino acid, cholesterol and carbohydrate metabolism
and in the protection against oxidative damage. Manganese also acts as an
enzyme activator either by binding to a substrate (e.g., ATP) or directly to
the protein causing a conformation change. Manganese metalloenzymes
include arginase, glutamine synthetase, phosphoenolpyruvate decarboxy-
lase and manganese superoxide dismutase (SOD2) in mitochondria.97

Although manganese deficiency has not been demonstrated in humans con-
suming natural diets, some maladies have been connected to possible dis-
turbances in manganese metabolism. Seizure disorders in children without
head injury have been associated with low blood and tissue manganese
concentrations. Manganese deficiency was suggested as an etiological factor
in the development of hip abnormalities and some joint diseases.98

1. Methods for Manganese Assessment

Laboratory tests for reliable assessment of manganese status have not been
established. Measurement of manganese concentration in whole blood or
serum is the most common approach to estimate changes in manganese metab-
olism or status. It is assumed that whole-blood manganese and manganese in
blood cells reflect body manganese stores in tissues. An advantage of whole
blood compared with plasma or serum manganese concentration is that
hemolysis of erythrocytes markedly affects plasma or serum manganese con-
centration. However, the wide variability in whole-blood manganese concen-
tration may preclude its widespread use as a reliable manganese status
indicator.99 The large variation in reported manganese concentrations may be

TABLE 14.3

Plasma Zinc Concentrations (µmol/L) of Athletes (Mean ± SD)

Source Activity Indicator Female n Male n

Dressendorfer and 
Sockolov88

Running S 11.6 ± 2.0 77

Dressendorfer et al.90 Running S 9.1 ± 1.3 12
Lukaski et al.43 Football, basketball, 

hockey, track & field
P 13.3 ± 1.1 44

Anderson et al.20 Running S 12.4 ± 0.6 9
Deuster et al.91 Running P 10.1 ± 0.4 13
Lukaski et al.45 Swimming P 12.6 ± 0.5 16 14.3 ± 0.5 13
Singh et al.46 Running P 12.7 ± 0.3 45
Couzy et al.93 Running S 14.2 ± 0.8 6
Fogelholm et al.75 Running S 13.6 ± 0.3 114
Fogelholm et al.92 Skiing S 12.7 ± 0.3 19 14.1 ± 0.4 19
Lukaski et al.78 Swimming P 12.7 ± 0.4 5 14.6 ± 0.4 5
Cordova and Navas94 Volleyball S 14.6 ± 0.2 12
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attributed partially to sample contamination during collection and processing
and the use of relatively insensitive and nonspecific analytical methods. Recent
evidence indicates that the manganese concentration and manganese super-
oxide dismutase activity in lymphocytes are sensitive to manganese status.100

Factors, such as ethanol intake101 and dietary polyunsaturated fatty acids,102

independent of manganese intake may affect SOD2 activity.
Because of the low concentrations of manganese in blood and urine, AAS

with Zeeman background correction is the method of choice.103 Determina-
tion of SOD2 uses the pyrogallol method for superoxide dismutase activity
after inactivation of SOD1 and SOD3 with cyanide or azide.37

2. Manganese Reference Intervals

Current reference intervals for blood manganese are 0.4 to 1.1 µg/L or 7.0
to 20.0 nmol/L for serum or plasma and 7.7 to 12.1 µg/L or 140 to 220 nmol/
L for whole blood.103

B. Selenium

Selenium is a trace element that is essential, yet toxic when consumed in
excessive amounts. Selenium exerts biological actions largely through asso-
ciation with proteins, termed selenoproteins,104 including glutathione perox-
idases and iodothyronine deiodinases that protect against oxidative stress
and activation of triiodothyronine from thyroxine, respectively. Other sele-
nium-containing proteins include selenoprotein P, which facilitates selenium
transport between tissues and extracellular antioxidant defense and seleno-
protein W, which protects against pathological muscle degeneration. Each
of these selenium-containing enzymes and proteins are significantly
decreased in dietary selenium deficiency.

1. Methods for Selenium Assessment

Determinations of urinary and blood selenium are practical and useful mea-
sures of human selenium status. Plasma or serum concentrations may be a
more sensitive indicator of selenium status than whole-blood concentrations.
Determination of erythrocyte glutathione peroxidase activity has been shown
to correlate with blood selenium; it represents a functional test of selenium
status. Assay of selenoprotein P, the major selenium-containing protein in the
plasma, also is a useful and sensitive measure of selenium status.

The recommended methods for determining selenium in biological spec-
imens are flameless AAS with Zeeman background correction and spec-
trofluorometry. The characteristic of selenium to form covalent organic
compounds impacts its analytical determinations in two distinct practices.
The organo-selenium forms are likely to be volatile and, therefore, may be
lost in certain preparatory steps, such as high-temperature ashing. Also, the
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simple reduction of sample selenium to the volatile hydride form allows the
determination of selenium by the AAS hydride generation technique.

2. Selenium Reference Intervals

Reported selenium concentrations from healthy adults range from 58 to 234
µg/L in whole blood, 75 to 240 µg/L in erythrocytes, 46 to 143 µg/L in serum
or plasma and 7 to 160 µg/L excretion in urine. Blood and tissue selenium
contents vary with selenium status of the specific geographic area.

Studies examining the effects of dietary selenium on exercise metabolism
and performance are very limited. Studies of rats fed low-selenium diets
consistently report lower tissue glutathione peroxidase activity compared with
values from animals fed an adequate selenium diet.105 There are no data avail-
able describing the interaction of dietary selenium and exercise in humans.

X. Summary and Conclusions

There is increasing evidence that many of the mineral elements play important
biological roles in the development and maintenance of human physical work
capacity and performance. One factor limiting research on the interaction of
mineral intake and physiological function during work has been the lack of
awareness of the need for appropriate procedures for collection of blood and
methods of analysis of specimens for valid determinations of mineral ele-
ments. Although caution is needed to eliminate contamination of plasma,
serum and blood cells during phlebotomy and processing, appropriate guide-
lines are available. A number of putative blood biochemical indicators of
mineral status have been proposed. However, there is consensus that the use
of multiple indicators is advised. Reliance on a single indicator may limit the
sensitivity of the assessment of mineral depletion. Failure to standardize con-
ditions for sample collection (e.g., fasting and before exercise) contributes to
confusion about interpretation of mineral nutritional status.

Some emerging areas of research appear to be fruitful for additional inves-
tigation. These include confirmation that iron deficiency without anemia
promotes anaerobic glycolysis and energy inefficiency during training and
the interdependent roles of zinc, copper, manganese and selenium intakes
on antioxidant stress and muscle damage during exercise.
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I. Introduction

 

Athletic activities, both recreational and professional, are becoming increas-
ingly popular as spectator and participatory sports. Young men and women
train to excel and compete at sports. As well, older sedentary individuals
are engaging in sports for the purposes of losing weight, reducing the risk
of diseases and for correcting progressive muscle wasting referred to as
sarcopenia. In the latter category an increasing number of individuals have
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risk factors for coronary artery disease such as obesity, diabetes and hyper-
tension. In addition, many elderly subjects are taking up athletics for the
first time at an advanced age. In both situations, it is necessary to initially
assess people to determine whether they are in good nutritional and physical
status to engage in athletic activities. The potential competitive athlete often
is underweight and on a restricted diet high in supplements with a view to
having a very low body fat content and improving performance. The poten-
tial elderly or sedentary recreational athlete may be, in contrast, overweight
and on a cycle of dieting followed by binge eating. In both groups, conditions
likely to increase the risk of cardiac events and injuries need to be identified
prior to initiating training.

After starting training, ongoing assessment is desirable in both types of
athletes. In the competitive athlete, there is considerable risk of malnutrition,
especially in women. In the older athletes, the objective is to promote weight
reduction and to document improvement in cardiovascular function and a
gain in muscle or lean body mass and muscle function. The assessment has
two main sections: (1) an assessment of the nutritional status and (2) assess-
ment of the medical and physical status.

 

II. Nutritional Status

 

The clinical assessment of nutritional status attempts to identify the initial
nutritional state and the interplay of the factors influencing the progression
or regression of nutritional abnormalities. Therefore, a clinical nutritional
assessment is a dynamic process that is not limited to a single “snapshot”
at the moment of measurement, but provides a picture of current nutri-
tional status and insight into the patient’s future status. The clinical assess-
ment of nutritional status involves a focused history and physical
examination in conjunction with selected laboratory tests aimed at detect-
ing specific nutrient deficiencies and persons who are at high risk for future
nutritional abnormalities.

 

A. History

 

The nutritional history should evaluate the following questions:

1. Has there been a recent change in body weight and was the change
intentional or unintentional?

2. Is dietary intake adequate? Persons should be questioned about
their habitual diet and any change in diet pattern. Have the num-
ber, size and contents of meals changed? Are nutrient supple-
ments being taken? A diary documenting food intake may be
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useful when the history is inconclusive. In this context, the diet
of competitive athletes may be inadequate despite normal bio-
chemical parameters.

 

1

 

3. What is(are) the reason(s) for the change in dietary intake? Has
appetite changed? Is there a disturbance in taste, smell, or the
ability to chew or swallow food? Has there been a change in mental
status or increased depression? Has there been a change in the
ability to prepare meals? Are there gastrointestinal symptoms, such
as early satiety, postprandial pain, nausea, or vomiting? Is the
patient taking medications that affect food intake?

4. Is there evidence of malabsorption? Is there any gastrointestinal
disease? Has there been a change in bowel habits?

5. Are there symptoms of specific nutrient deficiencies including mac-
rominerals, micronutrients and water?

 

B. Physical Examination

 

The physical examination corroborates and adds to the findings obtained by
the history:

6.

 

Anthropometric assessment

 

. Current body weight should be com-
pared with previously recorded weights, if available. Weight for
height should be compared with standard normal values. A search
for evidence demonstrating depletion of body fat and muscle
masses should be made. A general loss of adipose tissue can be
judged by clearly defined bony, muscular and venous outlines and
loose skin folds. A fold of skin, pinched between the forefinger and
thumb, can detect the adequacy of subcutaneous fat. The presence
of hollow cheeks, buttocks and perianal area suggests body fat loss.
An examination of the temporalis, deltoid and quadriceps muscles
should be made to search for muscle wasting.

7.

 

Assessment of muscle function

 

. Strength testing of individual muscle
groups should be made to evaluate for generalized and localized
muscle weakness. In addition, a general evaluation of respiratory
and cardiac muscle function should be made.

8.

 

Fluid status

 

. An evaluation for dehydration (hypotension, tachycar-
dia, postural changes, mucosal xerosis, dry skin and swollen
tongue) and excess body fluid (edema, ascites) should be made.

9.

 

Evaluation for specific nutrient deficiencies

 

. Rapidly proliferating tis-
sues, such as oral mucosa, hair, skin and bone marrow are often
more sensitive to nutrient deficiencies than are tissues that turn
over more slowly.
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III. Medical Status

 

A. Medical History

 

Clinical assessment should start with a careful history that should inquire
about factors that are likely to influence the risks and benefits of exercise. In
younger competitive athletes it is necessary to look for factors that are likely
to endanger health or even risk death with strenuous exercise.

 

1. Competitive Athletes

 

Sudden cardiac deaths of young athletes associated with physical exertion
are very uncommon, occurring in about 1/200000 high school athletes per
academic year.

 

2

 

 Preparticipation screening for cardiovascular disease, con-
sisting of standard history and physical examination, is customary practice
for most high school and college athletes in the United States.

 

Cardiovascular system.

 

 A history of palpitations suggestive of previous
arrhythmias and a family history of cardiomyopathy should lead to further
investigations, as sudden arrhythmias and hypertrophic cardiomyopathy are
risk factors for the rare instances where exercise is followed by sudden death.

 

Respiratory system

 

. A history of cigarette smoking and of asthma, particu-
larly intensified by exercise, should be obtained.

 

Nervous system

 

. A history of dizziness, especially induced by exercise or
by lifting heavy objects, should be ascertained prior to starting a program
of aerobic or strength training exercise.

 

Musculoskeletal system.

 

 A history of previous injuries or operations on joints
as well as the residual functional limitations should be evaluated. A history
of juvenile arthritis should be determined.

 

Metabolic conditions.

 

 Juvenile diabetes and, if present, the dose of insulin,
control of blood glucose and episodes of hypoglycemia should be obtained.

 

2. Sedentary and Elderly Athletes

 

In addition to the history suggested above, those who are proposing to start
recreational exercise and athletics should be questioned about symptoms
suggestive of:

10. Angina, dyspnea on exertion, strokes and hypertension.
11. Diabetes and renal disease.
12. Body weight changes of either weight gain or unexpected weight

loss. The former increases the risk of exercise and the latter occurs
with the onset of serious disease.

13. The existence of arthritis and limitations in mobility.
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The previous exercise status and a drug history should be obtained. Drugs
likely to influence exercise ability are:

• Beta-blockers, which cause fatigue and prevent exercise-induced
tachycardia.

• Insulin action will increase with exercise and may cause hypogly-
cemia.

• Anti-hypertensive drugs may cause a fall in blood pressure.

 

B. Physical Examination

 

Weight and height

 

 are taken and the Body Mass Index (BMI) calculated.

 

Head and neck

 

 are examined for enlarged nodes or thyroid enlargement.
Eyes are checked for central and peripheral vision and the cornea and con-
junctiva examined for signs of vitamin A and riboflavin deficiency. Tongue
and mouth are examined for glossitis and stomatitis, which can suggest iron,
folate or vitamin B

 

12

 

 deficiency.

 

Respiratory system

 

 is examined for any abnormalities such as evidence of
asthma, chronic bronchitis and emphysema.

 

Cardiovascular system

 

 is examined for obvious cardiac failure, cardiac
enlargement, arrhythmias, evidence of valvular heart disease and hyperten-
sion. In cardiomyopathy, a soft murmur may be heard, but a valsalva maneu-
ver will markedly intensify it and suggest the diagnosis.

 

Abdomen 

 

should be examined

 

 

 

for enlarged organs and for any masses or
tender areas.

 

Central nervous system

 

 is checked for cranial nerve function, general motor
function, general sensory function and coordination.

 

Musculoskeletal system

 

 is examined for wasting, joint swelling, joint tender-
ness and mobility — both passive and active.

 

C. Hematology

 

Knowing the hemoglobin level is essential to determine whether the person
has sufficient oxygen-carrying capacity to undertake exercise. Particularly
in women, marginal iron deficiency is extremely common because of men-
strual blood losses. The hemoglobin tends to be at the lower limits of normal
but the mean corpuscular volume (MCV) is reduced and the serum ferritin
levels are markedly low. Because iron is an important part of a number of
mitochondrial constituents such as cytochrome, deficiency results in reduced
muscle performance and fatigue even when the hemoglobin is only slightly
reduced. On the other hand, with vitamin B

 

12 

 

and folate deficiency, the MCV
is increased. An increase in the MCV should lead to measurements of blood
B

 

12

 

 and folate acid levels. An increase in white blood count and platelet levels
are indicative of any inflammation.
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D. Blood Biochemistry

 

Blood glucose levels should be measured to exclude diabetes. Creatinine
levels should be measured to exclude renal disease. Blood electrolyte levels,
magnesium, calcium and phosphorus should be checked. Abnormalities in
any of these levels can alter muscle performance. Protein status can be
assessed by the levels of prealbumin and blood urea nitrogen (BUN). In
protein deficiency both these parameters are reduced. The serum albumin
level is not indicative of nutritional status and in adults hypoalbuminemia
is an index of occult disease.

 

3

 

 The levels of ferritin, vitamin B12 and folate
should be measured. Finally, total cholesterol, LDL cholesterol and HDL
cholesterol should be measured.

 

E. Micronutrient Levels

 

During athletic training, dietary intake may become imbalanced due to
inadequate intake of foods providing micronutrients. Diets high in refined
carbohydrates are often deficient in zinc, selenium, vitamins and perhaps in
other minerals and vitamins such as magnesium. A recent study showed
that there was significant vitamin B

 

6 

 

deficiency in high performance athletes.

 

4

 

Therefore, if the diet of an athlete is unbalanced, micronutrient levels should
be measured.

 

F. Urine Analysis

 

Urine analysis should be done to look for renal disease. The presence of
protein, casts and red blood cells suggests kidney disease and should lead
to further examination. Temporary abnormalities in the urine such as pro-
teinuria, microscopic hematuria and casts may be seen after prolonged vig-
orous exercise due to reduced renal blood flow and dehydration.

 

G. Stool Examination

 

Stool examination for parasites such as hookworm may have to be performed
in countries where this problem is endemic. Parasites cause iron deficiency,
which, in turn, reduces exercise tolerance.

 

H. Electrocardiographic and Echocardiographic Examination

 

1. Competitive Athletes

 

There is much debate about the prescreening of individuals about to embark
on a program of strenuous training. Although rare (as mentioned above)
sudden death has received much public attention. Various unsuspected con-
genital cardiovascular diseases are usually responsible; the most common
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lesions are hypertrophic cardiomyopathy and several congenital coronary
artery anomalies. Arrhythmogenic right ventricular dysplasia may be
another common cause of these deaths. It may be difficult to distinguish
between borderline increases in thickness of the left ventricular wall and
mild morphologic expression of hypertrophic cardiomyopathy in some
trained athletes. However, cardiomyopathy can often be distinguished from
the physiologic consequences of athlete’s heart by noninvasive clinical
assessment and testing.

 

2. Sedentary and Elderly Athletes

 

The American Heart Association recommends exercise testing with an elec-
trocardiogram before the start of a vigorous exercise program for all indi-
viduals older than 40 years, even if they are asymptomatic and free of cardiac
risk factors.

 

2

 

 However, a study of more than 3000 asymptomatic men aged
35 to 59 years with increased risk of coronary artery disease casts doubt on
the value of this recommendation. Each subject had an exercise test on entry
and annually for 7.4 years. Exercise proved safe in this group, with approx-
imately 2% experiencing exercise-related cardiac events. Only 11 of the 62
men who experienced such events had abnormal exercise tests on entry, a
sensitivity of only 18%. The cumulative sensitivity of annual tests was also
low, at 24%.

 

5

 

 However, exercise testing can be useful for detecting exercise-
induced arrhythmias and for determining the maximal heart rate for the
exercise prescription.

Echocardiography can be used to study the thickness of the ventricular
wall, ventricular diameter and valve function. In addition, any injury to the
myocardium can be assessed by changes in the motion of the ventricular
wall. Patients who have any history suggestive of coronary artery disease,
those with significant risk factors such as hypertension, hypercholester-
olemia, family history of myocardial infarction below the age of 50, diabetes
and obesity would be wise to have an echocardiographic assessment by a
cardiologist prior to embarking on an exercise program for the first time
after the age of 40.

 

I. Bone Mass

 

1. Competitive Athletes

 

In the competitive athlete, especially in women who undertake intense aer-
obic physical training, bone loss and even osteoporosis has been recognized.

 

6

 

In such women, the so-called triad of amenorrhoea, eating disorder and bone
loss occurs. The reason is a combination of reduced estrogen levels, reduced
body weight and fat and an imbalanced diet.

 

7

 

 In these cases, it is important
to document the initial BMI and changes with training. Marked reduction
in BMI and the development of amenorrhea or disordered menstruation
should lead to checking the bone mineral density (BMD) by the use of dual
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energy x-ray absorptiometry (DEXA). If the BMD in an individual is more
than 2.5 standard deviations (SD) below the mean for a young matched (for
age and sex) population, the diagnosis is osteoporosis. If the BMD is below
1–2.5 SD of the mean for a young matched population, the diagnosis is
osteopenia.

 

2. Sedentary and Elderly Athletes

 

In these persons there may be existing osteopenia or osteoporosis on entry
into the training program. In these subjects exercise has a beneficial effect
and increases BMD.

 

8

 

 During exercise training, in persons with osteopenia
or osteoporosis, a yearly record of changes in BMD is essential. Recording
reduced BMD in the hip is important, as it is especially resistant to treatment.
In this situation, a combination of jumping, stepping, marching and side
stepping exercise is one of the few techniques capable of increasing BMD of
the hip.

 

9

 

J. Muscle Function

 

1. Strength

 

Strength in nutritional studies have been clinically assessed in the upper
limb with a handheld dynamometer and shown to be improved by nutri-
tional supplementation.

 

10

 

 Hand grip strength is simple and easy to do and
is well correlated with skeletal muscle strength. Maximum grip strength and
mean value of a 10-second sustained grip will be completed with the dom-
inant hand according to the method outlined in Sunnerhagen et al.

 

11 

 

Briefly,
the patient would be seated in a chair without armrests and with the lowest
rib level with the edge of the table. The shoulder is adducted and the elbow
flexed to 90° to 100º. The other arm would rest on a table. The palm and
fingers would be clasped around the handle and the force exerted against
the transducer in the handle would be recorded.

Another way of measuring the effect of nutrition on the strength of dif-
ferent muscle groups is the maximal weight that could be lifted fully one
time only (1RM).

 

12 

 

This measurement can be done for different muscle groups
of the upper and lower limbs. Other methods to measure strength are the
vertical jump and isokinetic extension at different rates that correlate with
performance.

 

13

 

2. Endurance

 

In a nutritional study of anorexic patients,

 

14 

 

the effect of feeding on endur-
ance was tested by an ergometric bicycle protocol (3-min steps of 30 W)
before and after 8, 30 and 45 d of refeeding. Before refeeding, the workload
reached during the exercise was 49% lower in AN patients than in control
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subjects (P < 0.01) and was correlated with body weight, fat-free mass, and
leg muscle circumference (P < 0.002). The performance improved dramati-
cally during refeeding (P < 0.03), reaching normal values after 45 d of refeed-
ing, despite fat-free mass and leg muscle circumference values that were still
20% lower in AN patients than in control subjects (P < 0.01).

 

3. Peak Performance and Duration

 

Peak performance can be tested by a modified Wingate protocol. In a study
of nutritional supplements,

 

15

 

 volunteers were subjected to a protocol in
which they were tested for the duration of maximal performance at 110% of
VO

 

2max

 

. The subjects were tested for their VO

 

2max

 

 and then placed on a bicycle
ergometer. The protocol consisted of a 3-min warm-up, 1 min of 40% VO

 

2max

 

followed by 1 min of 110% of VO

 

2max

 

 for four trial times. Then the subject
bicycled till exhaustion at 110% VO

 

2max

 

. In this study, the supplement
improved peak performance above that seen with placebo.

 

IV. Clinical Conditions Associated with Athletic Activities

 

1. Dehydration and Electrolyte Deficiencies

 

Prolonged exercise is associated with the loss of sweat and dehydration.
Dehydration can be avoided by ingestion of fluids during endurance exer-
cise. Hyponatremia, (serum sodium < 135 mmol/L) may occur due to exces-
sive fluid intake rather than sodium loss. In a recent prospective study,
dehydration accounted for 26% and hyponatremia for 9% of individuals who
sought medical care during endurance exercise. Hyponatremia was the most
common reason for hospital admission. There was an inverse relationship
between post-race sodium concentrations and percentage change in body
weight, supporting the suggestion that fluid overload is the cause of
hyponatremia.

 

16

 

Plasma potassium rises in healthy subjects by only 0.5 mmol/L when
exercising at 40–50% of VO

 

2max

 

. Hyperkalemia occurs during strenuous exer-
cise and is especially likely to occur in patients with angina or hypertension
on beta-blockers such as propranolol.

 

17

 

 Acidosis can occur with exercise,

 

18

 

but feeding alkalinizing agents does not improve performance.

 

19

 

2. Asthma

 

Exercise-induced asthma is a well recognized clinical condition. It has been
shown to occur to a greater degree in athletes who pursue strength (3.5 times
more common than the general population ) and endurance exercise (2.2
times more common). It occurs more frequently in women and in those who
train more than 20 h per week.

 

20
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3. Arrhythmia

 

Cardiac events during exercise occurs in about 2% of individuals over 40
years of age.

 

2

 

 Even in those who are 75 years of age, exercise-induced
arrhythmia occurred in ~ 24% of males and only ~ 7% of females, but had
no lasting effects.

 

21

 

 However, asymptomatic persons who develop ventricu-
lar premature depolarizations had 2.6 times the risk of coronary events on
follow-up.

 

22

 

 On the other hand, exercise training of patients who had had
myocardial infarction was shown to be of significant clinical benefit.

 

23

 

4. Renal Failure

 

Frank renal failure may occur with severe dehydration during endurance
exercise. It may rarely occur due to muscle breakdown called rhabdomyol-
ysis.

 

24

 

 On the other hand, exercise improved physical functioning in patients
on dialysis.

 

25

 

5. Gastrointestinal Disturbances

 

Gastrointestinal disturbance is common among athletes during competition.
These include nausea, vomiting, belching, heartburn, chest pain, bloating,
abdominal cramps, urge to defecate, frequent defecation and diarrhea.

 

26

 

 The
incidence of bloating, abdominal cramps and diarrhea was higher with run-
ning. In contrast, all the above symptoms were equally likely to occur during
bicycling.

 

20

 

 Measurement of occult blood in the stools showed that, during
endurance exercise, there was increased loss of blood in the stool.

 

27

 

 The
magnitude of the blood loss was small and did not alter ferritin levels. The
cause of blood loss is uncertain, but a possible explanation is that, during
intense exercise, blood is diverted away from the bowel to the muscles,
resulting in ischemia of the intestine. Athletes often take nonsteroidal anal-
gesic drugs (NSAIDS) and the intake of these drugs has been shown to
increase intestinal permeability and have more adverse gastrointestinal
symptoms.

 

28

 

 Therefore, gastrointestinal symptoms are partly due to exercise
and partly due to drugs taken to alleviate pain.

 

6. Anemia

 

Plasma volume expansion occurs in athletes and contributes to the commonly
occurring normocytic and normochromic anemia.

 

29

 

 This “anemia” did not
reduce performance. In football players, a study showed that individuals with
a lower hematocrit paradoxically had better aerobic capacity.

 

30

 

 Iron deficiency
does not occur simply due to exercise per se.

 

31

 

 Anemia in athletes should not
be dismissed as being due to exercise, without proper investigation. Anemic
athletes, especially older persons, could have an underlying serious condition
such as colon cancer. The ingestion of NSAIDS can be associated with peptic
ulceration and blood loss. Anemia could also be due to menstrual losses in
women

 

32

 

 when combined with a diet low in iron.
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7. Immune Deficiency

 

A heavy schedule of training has been shown to be associated with a
depression of immunity.

 

33 

 

The causes for immune depression are multifac-
torial. Imbalanced diet can influence immunity. During intense exercise the
demand for carbohydrate by muscle is high and competes with the needs
of macrophages and for purine and pyrimidine synthesis. A high carbo-
hydrate intake may lead to reduced intake of proteins and lipids, which
are important in the maintenance of immune function.

 

33 

 

Intense training is
also associated with reduced immunity due to excessive weight loss and
reduced plasma glutamine levels.

 

34

 

 Because glutamine is an essential nutri-
ent for lymphocytes, the reduction of glutamine can interfere with lym-
phocyte function.

 

V. Summary

 

Clinical assessment of the athlete is a comprehensive process that involves
an evaluation of the current nutritional status and the possible change in
nutritional status with athletic activity. In addition, it is desirable to assess
the medical condition of the person embarking on athletic activities. While
doing do, it is necessary to differentiate the medical status required for the
competitive athlete from those who are going to undertake recreational
activities. Athletic activities can cause complications that the clinician should
recognize and prevent or treat.
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I. Introduction

 

Practitioners and researchers in the nutrition, exercise and sports areas cur-
rently perform many types of nutritional assessments on athletes. These
assessments are dietary, anthropometric, physical activity needs, biochemical
and clinical in nature. Nutritional assessment is a key to determining the
health and performance efficiency of athletes.

The healthcare, training, feeding and education of athletes are best
accomplished by an interdisciplinary team of sports medicine practitio-
ners, including physicians, athletic trainers, exercise and nutrition scien-
tists, dietitians, psychologists and other health professionals. Sports
nutrition is an emerging field of study. A credible sports nutritionist is,
generally, a registered dietitian (R.D.) who has advanced preparation in
exercise sciences, including exercise physiology. In the year 2000, only 21
universities in the United States offered graduate programs in sports
nutrition.

 

1

 

 Athletes will benefit when sports nutritionist professionals
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successfully integrate the knowledge and skill of a multidisciplinary ath-
lete healthcare team. The nutritional assessment of athletes is a challenge
that is best accomplished by having medical-, nutritional-, exercise- and
sports-oriented professionals working together.

 

II. Dietary Assessment of Athletes

 

Evaluating the food and nutrient intakes of individuals, including athletes,
is difficult and time consuming. The most accurate technique is generally
having the athlete keep a food record as food is consumed, measuring
portions as accurately as possible, for several days. Dietary intakes of
athletes are usually influenced by their training and competition seasons.
Athletes frequently take a variety of dietary supplements. Estimates of
nutrient intakes obtained through the use of computer software are only
as good as the dietary information supplied by the athlete, as well as only
as good as the coding techniques used in entering the dietary data into the
software.

Many athletes realize that nutrition is related to physical performance
and many are becoming more interested in improving their nutrient
intakes. National standards and guidelines are frequently utilized in
evaluating the nutrient adequacy of athletes’ diets. For example, the
United States and Canada have established Dietary Reference Intakes for
healthy populations.

 

2-5

 

 Athletes should try to achieve these standards and
may need to further increase their intakes based on the demands of their
sport and activity levels. Research indicates that performance and health
of athletes can be compromised at low intake levels. Dietary intake pat-
terns should also be evaluated to identify possible causes of inadequate
intakes. These measurements should be validated against biochemical,
clinical and anthropometric measurements to assess the nutritional status
of the athlete.

Dieting and exercising to extremes can provoke injury or death. Disor-
dered eating means eating — or not eating — more often in response to
external rather than internal cues. Disordered eating does impair athletic
performance as well as cause malnutrition and exacerbation of mental
problems. These eating disorders include anorexia nervosa, bulimia ner-
vosa and binge eating disorder, as well as the not yet formally recognized
muscle dysmorphia, anorexia athletica and exercise dependence. Eating
disorders have been frequently observed in the athletic population, espe-
cially in the aesthetic sports. Sports nutritionists can be effective in the
prevention of eating disorders. Treatment for eating disorders involves
a team of health professionals including psychiatrists, psychologists, neu-
roendocrinologists and nutritionists.
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III. Anthropometric Assessment of Athletes

 

Anthropometry is the science dealing with the measurement of size, weight
and proportion of the body. Various anthropometric methods are utilized in
evaluating the growth and body composition of children, adolescents and
adults. United States federal guidelines have been released for evaluating body
weights utilizing the body mass index (BMI).

 

6

 

 However, the application of
these federal guidelines to the athletic population has been questioned.
Anthropometric measurements should always be conducted by trained per-
sonnel using appropriate equipment that has been maintained and calibrated.

The nutrient requirements for children are associated with growth. The
growth of child athletes should be evaluated regularly to assure maintenance
of an appropriate growth pattern and to identify those at risk for disordered
eating. Height, weight and BMI percentile measurements should be per-
formed at least once a year on child athletes, with the BMI being utilized
primarily as an indicator of the consumption of excessive calories. Body
composition measurements can be utilized in evaluating the effects of train-
ing. Children should enjoy sports or physical activity while maintaining a
healthy lifestyle.

Great variability exists among adolescents, including those who are ath-
letes, with regard to values for anthropometric measurements. The variabil-
ity in the timing of puberty influences these anthropometric values.
Generally, growth spurts occur earlier in girls than boys, and these changes
influence body mass and composition. This differential maturation at any
given chronological age presents a challenge in assessing the body compo-
sition of adolescents. Bioelectrical impedance analysis, skinfolds and
height:weight measurements are the most appropriate growth assessment
techniques. These assessment methods need to be further developed for use
with adolescent athletes.

Currently, anthropometric methods are utilized in estimating physique.
Many studies have been published documenting the body dimensions of
athletes in a variety of sports. Most of the earlier studies utilized males;
however, studies have also been conducted in the last couple of decades
using females. Changes in body composition are frequently evaluated during
training and during seasons utilizing anthropometric methodologies as indi-
cators. These methods are potentially useful in monitoring athletes who
might be at risk for eating disorders.

Only male athletes were included in the first Olympic Games in 1896. A
century later, women represented slightly over a third of athletes competing
in the Games of the XXVI Olympiad. As a group, men retain a performance
edge over women in all sports largely because of differences in body com-
position and developmental physiology. Men are usually stronger than
women, and women usually have less of their body mass as contractile tissue
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and more as adipose tissue than men. Men generally possess a larger aerobic
capacity than women, but the responses of women to aerobic training seem
to be similar to those of men if the intensity, frequency and duration of the
training, as well as initial fitness, are similar. Today, women’s sports seem
to be on a par with those of men.

 

IV. Physical Activity Needs Assessment of Athletes

 

Dietary intakes should provide sufficient energy to sustain life. This energy
is measured in kilocalories (kcal) or kilojoules (kJ), with kilojoules being the
preferred unit. The body can use carbohydrates, lipids (fats) and proteins
for energy formation. The energy production from carbohydrates and pro-
teins is about 17 kJ/g (4 kcal/g) and that from lipids about 37 kJ/g (9 kcal/
g). Direct calorimetric methods, involving an individual’s being in a closed
chamber and the heat produced by the body being measured, were first used
for estimating energy expenditure. Direct calorimetry is expensive, cumber-
some and does not permit the individual to live a usual life. Today, indirect
calorimetric methods are utilized in estimating energy expenditure. Indirect
calorimetry involves a measurement of oxygen uptake or carbon dioxide
expenditure. Indirect calorimetric techniques permit an individual to exer-
cise unimpeded during the measurements. Indirect calorimetry is used in
measuring the energy expended during a specific physical activity. Doubly
labeled water methods are most applicable when estimating energy expen-
diture over several days. The estimated total energy expenditure of a person
is calculated by summing the resting energy expenditure (24 hour), the
expenditure based on lifestyle or occupation (daily activity factor) and the
expenditure due to exercise.

In most cases, an adult athlete’s energy intake and energy expenditure
should be similar. Thus, energy expenditure needs to be estimated and
generally, field methods rather than laboratory methods are used. These field
methods are not as precise as laboratory methods but are more practical.
Portable indirect calorimetry is probably the most accurate indirect field
method for estimating energy expenditure. Utilizing multiple indirect mea-
sures of activity-related energy expenditure may improve the accuracy and
feasibility of using field methods to estimate energy expenditure. Self-
reported physical activity records or questionnaires are frequently utilized
in estimating energy expenditure, as these methods are inexpensive and least
burdensome, but problems may exist with regard to how well the instrument
represents population-specific activity behaviors as well as recall and report-
ing biases. The accuracy and reproducibility of these field methods can be
improved if standardized methods for assigning energy costs and objective
measures, such as an accelerometer, are utilized.
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V. Biochemical Assessment of Athletes

 

Biochemical assessment of athletes provides information about how well
their bodies are utilizing nutrients. Aerobic physical activity is known to
decrease circulating levels of high-density lipoproteins. Evidence exists that
athletes need more protein than nonathletes. Both men and women, athletes
and nonathletes, frequently do not consume recommended amounts of cal-
cium, folic acid and vitamin E. Women, both athletes and nonathletes, fre-
quently do not consume sufficient iron. Some supplementation trials have
been published in the refereed scientific literature in which athletes were
given one or more of the vitamins as a dietary supplement. Many times in
these research studies, control or placebo groups, equally trained, were not
included. Sometimes the athletes in the studies had inadequate status of the
nutrient prior to supplementation and sometimes not; this might be respon-
sible for some of the conflicting findings reported in the scientific literature.
Evidence exists — though not conclusive — that athletes may benefit from
increased intakes of some of the vitamins and minerals.

 

7,8

 

 Athletes frequently
take vitamin or mineral supplements.

 

9

 

An excellent book by Sauberlich

 

10

 

 details the various methodologies uti-
lized in biochemical assessment of nutrient status. The Institute of Medicine,
National Academy of Sciences, in setting the Dietary Reference Intakes for
healthy populations in the United States and Canada, evaluated existing
data on the influence of physical activity on nutrient status with regard to
the various vitamins and minerals.

 

2-5

 

 Dietary Reference Intakes for the
energy-yielding nutrients is forthcoming. This group indicated that it is
possible that the requirements of some of these vitamins and minerals is
increased for individuals who are ordinarily very physically active, but the
data are not available to justify adjusting requirements. The functioning of
energy-yielding macronutrients and energy metabolism in sports nutrition
has recently been described in detail.

 

11

 

Favorable changes in serum lipids usually occur in individuals as a result
of moderate to vigorous exercise. An increase in high-density lipoprotein
cholesterol concentration and decreases in total cholesterol, low-density lipo-
protein cholesterol and triglyceride levels are generally observed in exercis-
ing adults as compared with values when they were more sedentary. Possible
lipid oxidation may also result from ultra-endurance activities. Exercise also
likely exerts some influence on serum lipid concentrations that may last for
a day. Changes in cholesterol ester transfer protein and lecithin-cholesterol
acyltransferase appear to be consistent with increased high-density lipopro-
tein cholesterol levels. More research is needed on the possible changes in
serum lipid concentrations in individuals who initially are sedentary and
then become more and more physically active.
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The use of protein by the bodies of athletes for energy formation is rela-
tively small. Controversy exists as to whether aerobic or resistance exercises
increase the need for dietary protein, and some evidence exists that aerobic
exercise does. Reports also exist that habitual exercise lowers the need for
dietary protein. Some evidence exists that strength-trained athletes may
require more dietary protein than sedentary individuals. Published studies
also indicate that strength training results in reduced protein requirements.
In his chapter in this volume, Phillips recommends that endurance- and
strength-trained athletes consume at least 10% but no more than 20% of their
dietary energy as protein.

 

12

 

 More research is needed on the protein require-
ments of athletes.

The vitamin status of athletes is often assumed based on dietary intake
estimations rather than biochemical measurements. Assumptions made from
dietary data do not take into account vitamin bioavailability or activity or
interactions. Few studies have examined the influence of exercise, acute or
chronic, on tissue (usually blood, blood components, or urine) vitamin levels.
Hence, the vitamin status and requirements of athletes are not fully known.
Acceptable vitamin extraction and quantification methods must be utilized.
Appropriate precautions must be made to minimize the destruction of the
vitamin while it is being measured. Sophisticated analytical instrumentation
and skilled technicians are required for measuring tissue levels of most, if
not all, the vitamins. In Table 13.2 of this volume, Löest and Haub list the
biochemical parameters frequently utilized for assessing an individual’s sta-
tus of the various vitamins.

 

13

 

 Exercise may influence the distributions of
many of the vitamins in the various tissues. Research is needed to determine
the influence that the vitamins, individually and in combinations, have on
circulating and stored levels of vitamins in athletes of different training status
and how the supplemental vitamins affect athletic performance.

As more information is becoming available on the roles that minerals play
in the development and maintenance of physical fitness and performance,
the need for assessment tools to evaluate the adequacy of the various essen-
tial minerals is realized. Many times, individuals conducting these biochem-
ical measurements are unaware of the need to use appropriate procedures
for collecting blood and performing analytical techniques. Appropriate
guidelines are available. One should utilize multiple indicators of status for
each of the minerals. In Chapter 14, Lukaski gives reference intervals for the
various minerals and discusses the data available on athletes.

 

14

 

 Carefully
performed research is needed on the mineral requirements of athletes.

 

VI. Clinical Assessment of Athletes

 

Many people of all ages participate in various athletic activities. Some of
these individuals either may be at risk for a chronic disease, or may have
already been diagnosed as having one. Obese and sedentary elderly
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individuals should have a medical and physical examination prior to initi-
ation of an exercise program. According to the American Heart Association,
all individuals over 40 years of age should undergo exercise testing before
starting a vigorous exercise program.

 

15

 

 Ongoing clinical assessment is desir-
able for competitive athletes. Considerable risk of malnutrition exists among
competitive athletes, particularly women. Eating disorders are frequently
observed in competitive athletes, especially women.

Clinical assessment involves nutritional and medical histories as well as
a physical examination along with selected biochemical tests aimed at detect-
ing specific nutrient deficiencies and identifying individuals at risk of future
nutritional abnormalities. Electrocardiographic and echocardiographic
examinations are frequently advised for the prescreening of individuals prior
to their initiating strenuous training programs. Bone mass and muscle func-
tion measurements have also been suggested for competitive athletes and
physically active elderly adults. Clinical conditions that are often associated
with athletic activities include dehydration and electrolyte deficiencies, exer-
cise-induced asthma, arrhythmia, renal failure, gastrointestinal disturbances,
anemia and immune deficiency. As stated by Jeejeebhoy in Chapter 15,
“Athletic activities can cause complications that the clinician should recog-
nize and prevent or treat.”

 

16

 

VII. Summary

 

As more and more individuals of all ages and sizes are participating in
exercise and sports activities, the importance of nutritional assessment of
these individuals is becoming better recognized. The nutritional assessment
has five major components: dietary, anthropometric, physical activity needs,
biochemical and clinical measurements. Nutritional assessment, which is a
key to determining and monitoring the health and physical performance of
professional, collegiate and recreational athletes, is best accomplished by a
team of health professionals.
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use of defined body landmarks in, 138
validity of, 130
weight control issues and, 8

Anthropometry of adult athletes, 135–175
anthropometric characteristics of female 

athletes, 145–158
athletes, nonathletes and variation 

among sports, 146–149
variation within specific sports, 

150–158
concepts and methods, 138–145

components of stature, 140
correct limb circumference, 143–144
Heath–Carter anthropometric 

somatotype, 144–145
limb circumferences, 140
overall body size, 139
quality control, 141–142
ratios and indices, 142–143
skeletal breadths, 140
skinfold thicknesses, 140–141

disordered eating, 169–170
historical overview, 136–138
seasonal changes, 163–169

basketball players, 165–169
distance runners, 164–165

secular comparisons of athletes, 158–163
Anti-hypertensive drugs, 377
Anxiety disorder, 64, 80
AR, see Amenorrheic runners
Arm

circumference, relaxed, 143
ergometer, 219

muscle circumference, 99
Arrhythmia, 379, 382, 393
Ascorbic acid, 332
Asthma, exercise-induced, 381, 393
Athlete(s)

adolescent, 121, 123
anthropometric assessment of, 389
black, 148
child, 101, 104, 106, 108
Chinese, 53
clinical assessment of, 392
comparisons of field, 158
competitive, 376, 378, 379
concern of amenorrheic, 78
consumption of protein by, 293
copper status of, 350
dietary assessment of, 388
Dutch, 28
elderly, 376, 379, 380
elite, anthropometric observations of, 

136, 137
European, 53
female

age and selected anthropometric 
characteristics of, 160

anthropometric characteristics of, 145
concerns about body weight by, 169l

growth stage of, 47
habitually exercising, 295
Japanese, 53
lipid assessment in, 265
metabolic demands of, 317
Olympic, 137
pathology, influences of training and 

sport on clinical, 11
perceived ideal body size of, 120
physical activity needs assessment of, 390
post-Title IX, 163
secular comparisons of, 158
secular trends in body size of, 138
sedentary, 376, 379, 380
self-esteem of, 62
strength training, 304, 307
supplement categories used by, 28
time commitment required of, 164
track-and-field, 148, 155

age and selected anthropometric 
characteristics of female, 157

anthropometric characteristics of, 155
comparisons of, 161
heights and weights of, 159

Atomic absorption spectrophotometry 
(AAS), 343, 344, 346, 362

ATP, see Adenosine triphosphate
ATPase, myfibrillar, 182
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Basal energy expenditure (BEE), 212
Basal metabolic rate, 216, 218
Baseball, 27
Basketball players, 27, 152, 165

age and selected anthropometric 
characteristics of female, 161

body composition of, 168, 169
heights and weights of by race, 154

BCAA, see Branched chain amino acids
BCAAT, see Branched-chain 

aminotransferases
BCKAD, see Branched-chain keto-acid 

dehydrogenase
BDD, see Body dysmorphic disorder
BEE, see Basal energy expenditure, 212
Behavioral evaluation, 81
Best caliper, modified, 124
Beta-blockers, 377
Beta hydroxy beta methylbutrate, 29
Beta-oxidation pathway, 261
BF, see Body fat
BIA, see Bioelectrical impedance analysis
Bicarbonate

labeled, 235
retention factor, 296

Binge eating disorder, 65, 73, 388
Binge–purge behavior, signs of, 65
Biochemical assessment, 318, 391
Bioelectrical impedance analysis (BIA), 9, 

107, 126
Bioelectrical impedance analysis 

measurement
factors influencing, 130
of total body water by, 129
validity of, 107

Biotin, 326, 332
Bipolar disorder, 80
Bland and Altman plots, 130
Blood

biochemical analyses, 342
glucose levels, measurement of, 378
urea nitrogen (BUN), 378

BM, see Bone mineral
BMD, see Bone mineral density
BMI, see Body mass index
Body

dysmorphic disorder (BDD), 66
fat (BF), 127, 188
feelings about, 79
image, distorted, 67
segments, proportions of, 122
temperature, 237
types, 70, 83

Bodybuilders, protein requirements of,
299, 302

Body composition, 80, see also Gender 
differences, body composition 
and, in performance

anthropometric indicators of, 171
assessment of in adolescents, 125
of basketball players, 168, 169
changes in, 120, 163
of distance runners, 166
prediction of from BMI, 127
status, 130

Body mass
crude measurement of, 100
lean tissue, 106
measurement of, 122
stature and, 122

Body mass index (BMI), 64, 92, 102, 389
calculation of, 377
-for-age growth chart, 98, 99
as measure of adiposity, 103
prediction of body composition from, 127
use of in child athletes, 106
use of as marker of overnutrition, 109
use of to predict relative overweight, 126
utility of with athletes, 143

Body size
acceptance, 100
measurement of, 121
overall, 139

Bomb calorimeter, 204
Bone

mass, in competitive athletes, 379
mineral (BM), 125
mineral density (BMD), 11, 78, 379

Branched chain amino acids (BCAA), 286, 287
Branched-chain aminotransferases

(BCAAT), 286
Branched-chain keto-acid dehydrogenase 

(BCKAD), 286, 287
Breakfast, skipping, 24
Bulimia nervosa, 65, 73, 388
BUN, see Blood urea nitrogen

 

C

 

CA, see Chronological age
Caffeine, 29
Calciferol, 329
Calcium

fortified fruit juice, 56
reference intervals, 345
serum ionized, 344
status, methods for assessing, 344
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total serum, 344
Calf musculature, 164
Calorimetry, 228

direct, 204
indirect, 205, 233, 234
room, 233, 234
units, portable, 222

Caltrac accelerometer, 240, 243, 247
count data, 244
reliability and validity of, 244

Cancer, 351
Capillary electrophoresis, 333
Carbohydrate(s)

diets high in refined, 378
intake, 54
oxygen uptake produced by, 207

Carbon dioxide production rates, 207
Cardiorespiratory fitness, 226
Catecholamine concentrations, altered, 347
CDC, see Centers for Disease Control
Centers for Disease Control (CDC), 93
Centers for Disease Control and Prevention, 

148, 151
CEQ, see Certificate of enhanced 

qualification
Certificate of enhanced qualification (CEQ), 5
Ceruloplasmin, 348
CETP, see Cholesterol ester transfer protein
Child(ren)

athletes, use of BMI in, 106, 108
index of adiposity in, 102
linear growth pattern of, 93
physical growth of school-age, 92
seizure disorders in, 361

Child athletes, assessment of growth in, 
91–114

assessment of growth, 92–108
body mass index, 102–104
growth charts, 92–93
height, 93–100
other anthropometric measurements, 

104–108
weight, 100–102

recommendations, 108–110
Cholesterol

ester transfer protein (CETP), 260, 391
transporting of from liver to peripheral 

cells, 260
Chorionic gonadotropin, 29
Chromatography, 333
Chromium, 345

output, urinary, 346
status, method for assessment of, 346

Chronological age (CA), 94
Chylomicrons, 260, 261
Circumference measures, use of to assess 

adolescent athlete, 123
Climate, REE and, 216
Clinical assessment, 373–385

clinical conditions associated with athletic 
activities, 381–383

anemia, 382
arrhythmia, 382
asthma, 381
dehydration and electrolyte 

deficiencies, 381
gastrointestinal disturbances, 382
immune deficiency, 383
renal failure, 382

medical status, 376–381
blood biochemistry, 378
bone mass, 379–380
electrocardiographic and 

echocardiographic examination, 
378–379

hematology, 377
medical history, 376–377
micronutrient levels, 378
muscle function, 380–381
physical examination, 377
stool examination, 378
urine analysis, 378

nutritional status, 374–375
history, 374–375
physical examination, 375

Closed-circuit spirometry, 205
Coenzymes, incorporation of vitamins into, 

317
Computer Science and Applications (CSA), 

244
Continuing Survey of Food Intake by 

Individuals (CSFII), 46
Copper

assessment, methods for, 347
biochemical role for, 347
deficiency, 347
reference intervals, 349

Cortisol, 97
Creatine

monohydrate, 29
supplement use, 11

Cross country, 27
CSA, see Computer Science and Applications
CSFII, see Continuing Survey of Food Intake 

by Individuals
Cytochrome c oxidase activity, 349
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D

 

Database(s), 31
combination dishes problematic for, 34
USDA, 32

Dehydration, 11, 381, 393
Densitometry, 128, 131, 164
Department of Health and Human Services 

(DHHS), 45
Dependence syndrome, 75
Depression, 68, 72, 80
DHHS, see Department of Health and 

Human Services
Diabetes, 36, 376
Diabetic Exchanges, 36

 

Diagnostic and Statistical Manual of Mental 
Disorders

 

 (DSM-IV), 62, 63, 83
Diet(s)

determination of nutrient content of, 19
energy-restricted, 56
history, 19, 44
recall(s), 44, 317

interviews, 24-hour, 21
remote, 250

records, 19, 22, 317
form, sample basic, 20
underreporting of, 23

Dietary analysis software, 37
Dietary assessment

methods, 44
software, 36

Dietary data, assumptions made from, 392
Dietary evaluation period, 44
Dietary guidelines, basis of modern, 3
Dietary Guidelines for Americans, 44
Dietary indices, 49
Dietary-induced thermogenesis, 213, 214, 215
Dietary intake, evaluation of adequacy of, 

341
Dietary reference intakes (DRIs), 6, 36, 48, 292
Dietary software, checklist for choosing, 32
Dihydroepiandrosterone, 29
Dilutional pseudo-anemia, 11
Dimethylamphetamine, 29
Direct calorimetry, 204
Disease states, prevention of, 45
Distance runners, 164, 167, 169
Diuretics, misuse of, 65
DLW, see Double labeled water
Double labeled water (DLW), 209, 234
DRIs, see Dietary reference intakes
DSM-IV, see

 

 Diagnostic and Statistical Manual 
of Mental Disorders

 

Dual energy x-ray absorptiometry (DXA), 9, 
103, 126, 164, 380

measurement, experimental assessment 
with, 131

scans, 250
DXA, see Dual energy x-ray absorptiometry
Dyslipidemia, 263

 

E

 

EAT, see Eating Attitudes Test
Eating Attitudes Test (EAT), 69, 71
Eating disorder(s), 8

assessment, behavioral self-report 
inventories used in, 71

athlete suspected of having, 78
biopsychosocial nature of, 78
detection of, 72
exercise dependence and, 74, 76
-not otherwise specified (ED-NOS), 69
predictor of, 70
prevalence of in athletes, 69
reducing risk of, 83
risk of triggering, 82
subclinical, 67, 69
talking about, 78
theories regarding etiology of, 84
treatment for, 81, 388

Eating Disorder Examination (EDE), 81
Eating Disorder Inventory (EDI), 69, 71
Eating disorders, assessment of possible 

presence of, 61–87
definitions and diagnostic criteria, 63–69

anorexia athletica, 67
anorexia nervosa, 64
binge eating disorder, 65–66
bulimia nervosa, 65
eating disorders not otherwise 

specified, 68–69
exercise dependence, 68
muscle dysmorphia, 66–67

etiology, 70–72
identification and assessment, 78–81
nutritional status, 76–78

female athlete triad, 77–78
nutrient intake, 76–77

prevalence of eating disorders in athletes, 
69

primary and secondary disorders, 72–76
another disorder underlying both, 

75–76
exercise dependence leading to eating 

disorders, 74–75
exercise dependence as variant of 

eating disorders, 76
separate syndromes, 73–74

 

0927_Index_frame  Page 399  Thursday, March 21, 2002  2:18 PM



 

400

 

Nutritional Assessment of Athletes

 

role of sports nutritionist in treating 
eating disorders, 81–83

Eating Disorders Awareness and Prevention, 
Inc. (EDAP), 83

Echocardiography, 378, 379
Ectomorphy, 70, 102, 144, 147, 153, 155, 170
ECW, see Extracellular water
EDAP, see Eating Disorders Awareness and 

Prevention, Inc.
EDE, see Eating Disorder Examination
EDI, see Eating Disorder Inventory
ED-NOS, see Eating disorders-not otherwise 

specified
EE, see Energy expenditure
Egg protein, diet based entirely on, 296
EGTA, see Ethylene glycol tetraacetic acid
Elderly athletes, 376, 379, 380
Electrochemical techniques, 333
Electrolyte deficiencies, 381, 393
ELISA, see Enzyme-linked immunosorbent 

assay
Elite athletes, anthropometric observations 

of, 136, 137
Emission spectroscopy, 343
Emotional stress, 211
Endomorphy, 70, 83, 102, 144, 145, 147, 153, 

155, 170
Endurance

events, oxidative fibers of athletes 
participating in, 182

exercise
protein turnover and, 286
tolerance, extremes of, 298

performance
gender differences in, 192
waning, 188

training, 215, 287
Energy

balance, achieving, 8
-costing movements, unwanted, 189
deprivation, chronic, 77
dietary, 49
intake, 52

self-reported, 44
underreporting of, 23

metabolism, differences in, 191
needs, 46, 214
nutrient combustion and, 204
-restricted diets, 56

Energy cost
of ambulation on treadmill, 219
expression of in METs, 230
of high-intensity exercise, 222
scales, 230

Energy expenditure (EE), 210, 226, 227

activity-related
summary scores for daily, 239
use of field measures to assess, 251
whole-body, 242

basal, 212
breath-by-breath information on, 207
computation of, 207
direct measures of, 234
estimation of from lifestyle activities, 245
imprecise estimates of activity-related EE, 

236
laboratory-based methods for assessing, 

231
limit assessment methods, 230
measurement of, 8, 208, 218, 222
methods of assessing, 233
overestimation of walking-related, 245
quantifying, 229, 231
raw steps data and estimated, 243
resting, see Resting energy expenditure
terms related to measurement of, 228
use of heart rate monitors to estimate, 210
use of motion detectors to estimate, 211

Energy expenditure, field assessment of 
physical activity and, 225–256

conceptual framework for quantifying 
energy expenditure, 231–232

definitions, 226–231
methods of assessing physical activity 

and energy expenditure, 232–250
measuring energy expenditure, 

233–237
measuring physical activity, 237–250

Energy expenditure, laboratory methods for 
determining, 203–224

energy for work and sport, 217–220
estimating daily EE, 220–221
measurement of metabolic rate, 204–212

direct calorimetry, 204–205
indirect calorimetry, 205–210
indirect methods of estimating energy 

expenditure, 210–212
resting EE, 212–217

estimating resting EE, 212
factors affecting resting EE, 213–217
measurement of resting EE, 212–213

Enzyme
activities, zinc-containing, 359
assays, 333
-linked immunosorbent assay (ELISA), 

352
Ephedrine, 29
Erythrocyte superoxide dismutase, 348, 349
Estrogens, 117, 191, 192
Ethylene glycol tetraacetic acid (EGTA), 344
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Eumennorrheic women, 192
Exercise

abstaining from, 265
aerobic-based, 296
behavior, 79
dependence, 68, 74, 76, 83, 388
economy, 189
EE during, 217
effect(s)

of acute, 265
of chronic, 262
on lipids, 261
on serum lipids, 264

endurance, 286, 307
energy cost of high-intensity, 222
energy requirements for, 6
excessive, 65
increase of insulin action with, 377
-induced asthma, 393
interventions, variations in, 262
metabolism of lipids during, 261
oxygen utilized during, 206
resistance

muscle fiber size induced by, 291
protein turnover and, 289

training, 227
effect of on basal metabolic rate, 218
effect of on REE, 217

treadmill, 244
volume, measure of, 262

Extracellular water (ECW), 128

 

F

 

FAD, see Flavin-adenine dinucleotide
Fasting, 65
Fat

android, 121
-free mass (FFM), 102, 125
gynoid, 121
intake, restriction of, 55
mass (FM), 125
-soluble vitamins, 319
subcutaneous, 124

Fatness, measure of, 103
FDA, see Food and Drug Administration
Female athlete triad, 77
Female hormones, 117
Ferritin, 351
FFA, see Free fatty acids
FFM, see Fat-free mass
FFQ, see Food frequency questionnaire
Fibrinogen, 305
Fibronectin, 305

Flavin-adenine dinucleotide (FAD), 331
Fluid

intake, 26
needs, 43
status, 375

Fluorometry, 333
FM, see Fat mass
Folacin, 332
Folate, 325, 332
Follicle-stimulating hormone (FSH), 117
Food(s)

allergies, 8
data on nutrient content of, 33
diaries, 19
feelings about, 79
frequency questionnaire (FFQ), 23, 44

design of, 25
disadvantage of, 24

guide pyramid recommendations, 45
intake

assessment, 38
patterns of, 51

labels, nutritional information available 
on, 33

manufacturers, 33
negative comments about, 72
new, 33
portion sizes, 21
preoccupation with, 67, 68
preparation methods, 21
Pyramid Guidelines, 36
quality index (FQI), 50
quotient, 210
records, 44

multiple-day, 23
translating of to nutrient intakes, 38

requirements, first scientific 
investigations into, 3

rituals, pre-game, 62
service recipes, 34

Food and Drug Administration (FDA), 33
Food and nutrient intakes, estimation of, 

17–42
converting reported food intakes to 

nutrient intake estimates, 30–37
databases, 31–33
default assumptions, 35–36
hardware considerations, 31
licensing considerations, 37
new foods, 33–34
recipes, 34–35
special features, 36–37
supplements, 35
technical support, 37
water and sports drinks, 35
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methods of assessing food intake, 18–25
diet records, 19–21
food frequency questionnaires, 23–25
number of days, 22
24-hour diet recall interviews, 21–22
underreporting, 23

special issues in assessing food intakes of 
athletes, 25–30

fluid intake, 26–28
periodicity, 26
snacking and grazing, 28
supplements, 28–29
weight management, 29–30

Football, 27
FQI, see Food quality index
Fractional synthetic rate (FSR), 290
Frank-Starling mechanism, 188
Free fatty acids (FFA), 191, 260
Fruit juice, calcium fortified, 56
FSH, see Follicle-stimulating hormone
FSR, see Fractional synthetic rate

 

G

 

Gas chromatography-mass spectrometry 
(GC-MS), 333

Gastrointestinal disturbances, 382, 393
GC-MS, see Gas chromatography-mass 

spectrometry
Gender differences, body composition and, 

in performance, 177–200
gender and endurance, 185–194

factors influencing endurance 
development, 186–192

gender differences in endurance 
performance, 192–194

gender and strength, 178–185
factors influencing strength 

development, 178–185
gender differences in strength 

performance, 185
Global questionnaires, 246
Gluconeogenesis, 288
Glutamate, 287, 383
Glycine, 288
Golf, 27
Gonadotropic hormones, 117
Grazing, 28
Growth

assessment, routine, 108
chart(s), 92

body mass index-for-age, 98, 99
data, 110
height-for-age, 94, 95

weight-for-age, 96, 97
data, longitudinal tracking of, 93
hormone, 92
linear, 93
measurements, linear, 100
process, 116
pubertal, 119
spurt, adolescent, 118, 120
trends, 115

Gymnastics, 27
Gynoid fat distributions, 121

 

H

 

Harpenden caliper, 124
HDL, see High density lipoprotein
HDL-C, see High density lipoprotein 

cholesterol
Healthy eating, definition of, 62
Healthy Eating Index (HEI), 51
Heart rate (HR), 236
Heath–Carter anthropometric protocol, 141, 

144, 170
HEI, see Healthy Eating Index
Height-for-age growth chart, 94, 95
Hematocrit, 351
Hematology, 377
Hemoglobin, 10, 351
Heptathlete Development Project, 25
High density lipoprotein (HDL), 260
High density lipoprotein cholesterol 

(HDL-C), 259
High pressure liquid chromatography 

(HPLC), 333
Homocysteine, 331
Hormonal changes, during adolescence, 117
Hormone(s)

female, 117
follicle-stimulating, 117
gonadotropic, 117
growth, 92
human growth, 29
luteinizing, 117
sex steroid, 92
thyroid, 92, 118

HPLC, see High pressure liquid 
chromatography

HR, see Heart rate
Human body measurement, scientific study 

of, 91
Human constitution, 136
Human growth hormone, 29
Hydroascorbic acid, 332
Hydrostatic weighing, 9, 250
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Hyperhydration, 9–10
Hyperlipidemia, 36
Hypertension, 376
Hypoglycemia, 377
Hypohydration, 10
Hyponatremia, 11
Hypoparathyroidism, 344
Hypopigmentation, 347
Hypotension, 375
Hypothermia, 347

 

I

 

Ice hockey, 27
ICPES, see Inductively coupled plasma 

emission spectroscopy
ICPMS, see Inductively coupled mass 

spectroscopy
Idiopathic hemochromatosis, 351
IDL, see Intermediate density lipoprotein
IGF-I, see Insulin-like growth factor-I
Immune deficiency, 383, 393
Impaired concentration, 68
Impedance theory, 107
Index of nutritional quality (INQ), 50
Indirect calorimetry, 205, 233, 234
Inductively coupled mass spectroscopy 

(ICPMS), 343
Inductively coupled plasma emission 

spectroscopy (ICPES), 343
INQ, see Index of nutritional quality
Insulin

action, increase of with exercise, 377
-like growth factor-I (IGF-I), 96, 97, 291
signaling, 346

Intermediate density lipoprotein (IDL), 260
Introduction to nutritional assessment, 3–13

practice of sports nutrition, 4–6
emerging field of study, 4–5
roles and responsibilities, 5–6

unique set of challenges, 6–10
anthropometry and weight control 

issues, 8–10
energy requirement of exercise, 6–8
evaluation of biochemical and clinical 

psychology, 10
Ion exchange chromatography, 334
Iron

-binding capacity, 352
deficiency, 11, 350
reference intervals, 353
status, 353

Ironman triathlete, hypothetical daily energy 
needs of, 7

Irritability, 68
Ischemic heart disease, 351

 

J

 

Japanese RDA (JRDA), 53
JRDA, see Japanese RDA

 

K

 

Ketoacidosis, 357
Kinanthropometry, 116

 

L

 

Lactate threshold, 188, 191
Lactose intolerance, 8
Lactovegetarians, 52
Lange caliper, 124
Laxatives, misuse of, 65
LBM, see Lean body mass
LCAT, see Lecithin-cholesterol 

acyltransferase
LDL, see Low density lipoprotein
LDL-C, see Low density lipoprotein 

cholesterol
Lean body mass (LBM), 188, 215, 308
Lean tissue body mass, index of, 106
Lecithin-cholesterol acyltransferase (LCAT), 

260, 391
Leucine, 287, 295
LH, see Luteinizing hormone
Lifestyle activities, estimation of EE from, 245
Limb circumferences, 140, 143
Linear growth status, conflicting reports of, 

94
Lipid(s)

assessment, serum, 265
effects of exercise on, 261, 264
metabolism, 260, 261

Lipid status, assessment of, 259–282
effects of exercise on lipids, 261–273

cross-sectional studies, 261–262
effects of acute exercise, 265–271
effects of chronic exercise, 262–265
effects of exercise on other lipid 

parameters, 271–273
female athletes with amenorrhea, 273–274
influence of menstrual cycle on lipids, 273
lipid level recommendations, 276–277
lipid metabolism, 260–261
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methodological considerations prior to 
lipid assessment, 274–275

methods, 275–276
Lipoprotein(s)

lipase (LPL), 192, 260
naming of, 260
particles, differences in, 262

Liver damage, 351
Low density lipoprotein (LDL), 260
Low density lipoprotein cholesterol (LDL-C), 

259
LPL, see Lipoprotein lipase
Luteinizing hormone (LH), 117

 

M

 

MAC, see Midarm muscle circumference
Macronutrients

energy from, 32
functioning of, 391

Magnesium, 353
assessment, methods fork, 355
content of in blood cells, 356
deficiency, 355
reference intervals, 356
retention, after acute administration, 356
status, blood biochemical measurements 

of, 357
Magnetic resonance imaging (MRI), 126
Malnutrition, 388
MAMA, see Midarm muscle area
Manganese, 360

assessment, methods for, 361
reference intervals, 362

Marathon running
finishing time for, 188
physiological comparisons between elite 

men and women, 187
world record performances for, 194

MCV, see Mean corpuscular volume
Mean corpuscular volume (MCV), 377
Measurement(s)

replicate, 142
scales, 122
technical error of, 142

Medical nutritional evaluation, 79
Mediterranean population, consumption of 

olive oil typical of, 47
Menadione, 330
Menaquinone, 330
Menstrual cycle

diurnal variation in body weight affected 
by phase of, 139

phase differences, 192

Menstrual dysfunction, 67
Mental health diagnoses, 81
Mesomorphy, 144, 145, 147, 153, 155
MET, see Metabolic equivalent
Metabolic equivalent (MET), 208, 230
Metabolic rate, methods for measurement of, 

204
Methylmalonic acid, 331
Microbiological assays, 333
Micronutrient(s), 53

intakes, 49
levels, 378

Midarm muscle
area (MAMA), 92, 106
circumference (MAC), 92, 106

Military RDA (MRDA), 51
Mineral(s)

intake, 55
RDAs for, 55
supplements, 28

Mineral status, assessment of, 339–369
blood biochemical measures, 342–343
calcium, 344–345

calcium reference intervals, 345
serum ionized calcium, 344–345
total serum calcium, 344

chromium, 345–347
copper, 347–350

ceruloplasmin, 348
copper reference intervals, 349–350
cytochrome c oxidase activity, 349
serum or plasma copper 

concentration, 347–348
superoxide dismutase activity, 

348–349
dietary intake, 341
iron, 350–353

ferritin, 351–352
free erythrocyte protoporphyrin and 

zinc protoporphyrin, 353
hemoglobin and hematocrit, 351
iron reference intervals, 353
serum iron, total iron-binding 

capacity, transferin and 
transferin saturation, 352

transferrin receptor, 352
magnesium, 353–357

ionized magnesium concentration, 355
magnesium concentration in muscle, 

355–
magnesium content of blood cells, 356
magnesium reference intervals, 356
magnesium retention after acute 

administration, 356
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serum or plasma magnesium 
concentration, 355

other minerals, 360–363
manganese, 361–362
selenium, 362–363

phosphorus, 357–358
zinc, 358–360

plasma or serum zinc, 359
zinc-containing enzyme activities, 359
zinc reference intervals, 360

Minnesota Leisure Time Physical Activity 
Questionnaire (MNLTPA), 250

Mitochondrial adaptations, 191
Mizes Anorectic Cognitions, 71
MNLTPA, see Minnesota Leisure Time 

Physical Activity Questionnaire
Mood

changes, 62
disorder, 68
swings, 72

Motion detectors
electronic, 242
use of to estimate EE, 211

Movement, variables of, 231
MRDA, see Military RDA
MRI, see Magnetic resonance imaging
Mucosal xerosis, 375
Muscle

circumference, estimated, 152, 167
dysmorphia, 66, 83, 388
fiber(s)

area, 183
characteristics, 291
cross-sectional area, 184, 185, 194
electrical stimulation of, 183
number, 182
slow-twitch, 191
type, 178

function, 375, 380
glycogen stores, building of, 26
magnesium concentration in, 355
myofibrillar protein degradation, 290
protein, 291, 305
skeletal, 182
wasting, progressive, 373

Muscular hypertrophy, 303
Muscular strength, 232

 

N

 

NAD, see Nicotinamide adenine 
dinucleotide

NAR, see Nutrient adequacy ratio

National Center for Health Statistics (NCHS), 
92

National Health and Nutrition Examination 
Survey (NHANES), 21, 46

survey data, 106
III surveys, 47

National Research Council, 215
Nationwide Food Consumption Survey 

(NFCS), 46
NCHS, see National Center for Health 

Statistics
ND, see Nutrient density
Neuroendocrinologists, 388
NFCS, see Nationwide Food Consumption 

Survey
NHANES, see National Health and Nutrition 

Examination Survey
Niacin, 323
Nicotinamide adenine dinucleotide (NAD), 

331
Nitrogen

balance, 298
data, 297, 301
method, criticisms of, 295
training-induced improvement in, 303

recycling, 289
retention, exercised-induced increase in, 

297
utilization

economy of, 297
efficiency of, 303

Nonsteroidal analgesic drugs (NSAIDS), 382
NQI, see Nutrient quality index
NSAIDS, see Nonsteroidal analgesic drugs
Nutrient(s)

adequacy ratio (NAR), 50
analysis

database used for, 22
software, 31, 32

combustion of each, 204
deficiencies, evaluation for specific, 375
density (ND), 50
intake(s), 76, see also Food and nutrient 

intakes, estimation of
assessment, 38
comparisons of, 47
estimates, 30

needs, 46
quality index (NQI), 50
standards, basis of modern, 3
sum of, 50

Nutrient adequacy, evaluation of using 
nutrient intake data, 43–60

dietary assessment, 44
dietary guidelines, 44–47
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dietary indices, 49–52
dietary recommendations, 52–57

carbohydrate intake, 54
energy intake, 52–53
fat intake, 55
protein intake, 54–55
vitamin and mineral intake, 55–57

dietary standards, 48–49
Nutrition

central function of, 203
education, 3
intervention, 82
myth, 3
sports, 4

Nutritional abnormalities, progression of, 
374

Nutritional analysis, point-of-purchase, 35
Nutritional assessment, summary of, 387–394

anthropometric assessment, 389–390
biochemical assessment, 391–392
clinical assessment, 392–393
dietary assessment of athletes, 388
physical activity needs assessment, 390

Nutritional evaluation, medical, 79
Nutritional history, 374
Nutritional practices, marginal, 293
Nutritional status

assessment, 18
estimation of overall, 38

Nutritionists, 388

 

O

 

Obese adolescents, 121
Obesity, peripheral, 104
Obligatory running, 68
Obsessive-compulsive disorder, 64, 66, 75, 80
Oligomenorrhea, 67
Olive oil, consumption of, 47
Olympic Games, 136, 137, 178, 389
Open-circuit spirometry, 206, 219
Opioids, addiction to body’s, 75
Osteopenia, 11
Osteoporosis, premature, 77
Overnutrition, use of BMI as marker of, 109
Overtraining, 11
Oxidation, amino acids supplied for, 289
Oxidative damage, 347
Oxygen

consumption, maximal, 186
cost, of running, 189
demands, 207
extraction and utilization, 186
uptake, 185, 235

 

P

 

PAL, see Physical activity level index
Palmitic acid molecule, oxidation of, 207
Pantothenic acid, 326, 332
Pediatric mantra, 91
Pedometers

electronic, 242
monitoring of physical activity with, 243

Pedometry, 233
Perceived weight status, 100
Peripheral obesity, 104
Peroxidation, 330
Personality characteristics, 70
Phosphocreatine, 357
Phosphorus

depletion, 357
status, methods for assessing, 358

Phylloquinone, 330
Physical activity

direct measures of, 232
indirect measures of, 246
laboratory-based methods for assessing, 

231
level index (PAL), 234
logs, 238, 240
measurement of, 237, 241
methods of assessing, 233
needs assessment, 390
quantifying of, 227
questionnaires, 246
recalls, 239
records, 237, 238, 240
subcategories of, 229
terms related to measurement of, 228

Physical energy, see Energy expenditure, 
field assessment of physical 
activity and

PN, see Pyrodoxine
Post-Title IX athletes, 163
Post-traumatic stress disorder, 80
Progressive muscle wasting, correcting, 373
Proline, 288
Protein

cholesterol ester transfer, 391
chromium-binding, 346
cycling, 289
degradation, 289

muscle myofibrillar, 290
splanchnic tissue, 290

egg, 296
intake(s)

habitual, 292, 293
kinetic responses to, 306

kinetics, 305, 306
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metabolism, 354
muscle, 305
RDA for, 54
requirement(s), 292

black box approach to determining, 
297

of bodybuilders, 299
calculated daily, 295
calculation of, 307
for endurance trained athletes, 294

serum transport, 352
turnover

endurance exercise and, 286
fasted cycling of, 304
kinetic measurements of whole-body, 

300
resistance exercise and, 289
skeletal muscle protein metabolism 

and, 286
splanchnic tissue, 288

Protein status, assessment of, 283–315
future directions, 305–306
protein requirements, 292–305

endurance trained athletes, 294–299
habitual protein intakes, 292–294
resistance trained athletes, 299–305

protein turnover, 285–289
protein turnover and endurance 

exercise, 286
skeletal muscle protein metabolism 

and protein turnover, 286–288
splanchnic tissue protein turnover, 

288–289
protein turnover and resistance exercise, 

289–292
Psychiatrists, 388
Psychological evaluation, 80
Psychologists, 388
Puberty

growth, 119
knowledge, 100
nutritional requirements during, 56
timing of, 389
variability in timing of, 115

Pyridoxyl phosphate, 331
Pyrodoxine (PN), 327
Pyruvate production, 188

 

Q

 

Quantitative history questionnaires, 250
Questionnaire(s)

global, 246

Minnesota Leisure Time Physical Activity, 
250

physical activity, 246
quantitative history, 250
recall, 246, 248–249, 251
self-report, 248–249

 

R

 

Race, heights and weights of basketball 
players by, 154

Radioactive isotope tracers, 233
Radioimmunoassay (RIA), 334, 352
Random measurement error, 141
R.D., see Registered dietitian
RDAs, see Recommended dietary allowances
Reasons for Exercise Inventory, 74
Recall

interviews, 233
questionnaires, 246, 248–249, 251
surveys, 247

Recommended dietary allowances (RDAs), 6, 
47, 48, 292

gender-specific, 57
for minerals, 55
for protein, 54
reported nutrient intake as percent of, 52
for vitamins, 55

Recommended Nutrient Intake (RNI), 292
REE, see Resting energy expenditure
Registered dietitian (R.D.), 4, 387
Regularly menstruating runners (RMR), 56
Remote diet recall, 250
Renal disease, 376
Renal failure, 382, 393
Replicate measurements, 142
Reproductive organs, development of, 119
RER, see Respiratory exchange ratio
Resistance exercise

muscle fiber size induced by, 291
protein turnover and, 289

Respiratory exchange ratio (RER), 191, 207, 
235

Respiratory quotient (RQ), 207, 234
Resting energy expenditure (REE), 212

climate and, 216
definition of, 221
effect of exercise training on, 217
estimating, 213
factors affecting, 213
influence of lean body mass on, 215
measurement of, 212

Retinoids, 329
Rheumatoid arthritis, 347

 

0927_Index_frame  Page 407  Thursday, March 21, 2002  2:18 PM



 

408

 

Nutritional Assessment of Athletes

 

RIA, see Radioimmunoassay
Riboflavin, 56, 323
Rickets, 344
RMR, see Regularly menstruating runners
RNI, see Recommended Nutrient Intake
Room calorimetry, 233, 234
RQ, see Respiratory quotient
Runner’s high, 73
Running

long distance, 190
marathon, 194
obligatory, 68
oxygen cost of, 189

 

S

 

SA, see Skeletal age
SCAN, see Sports, Cardiovascular and 

Wellness Nutritionists
Schizophrenia, 80
Scholarship support, 160
SCID, see Structured Clinical Interview for 

Axis I DSM-IV Disorders
SDA, see Specific dynamic action
Seasonal records, 237
Secondary sexual characteristics, 

development of, 119
Sedentary athletes, 376, 379, 380
Seizure disorders, in children, 361
Selective serotonin uptake inhibitor (SSRI), 

75
Selenium, 360

assessment, methods for, 362
reference intervals, 363

Self-medication, forms of, 65
Self-rated activities, 227
Self-report questionnaires, 248–249
Serine, 288
Serum lipid assessment, 265
Sex steroid hormones, 92
Sexual dimorphism, comparisons of, 143
Sexual maturation, 118
Shoulder–hip relationships, 148
Sickle anemia patients, 359
Sitting height:height ratio, 146, 148
Sitting height:stature ratio, 143
Skeletal age (SA), 94
Skeletal breadths, 140
Skeletal diameters, 124
Skeletal muscle, 182

characteristics, 179–181
hypertrophy, 291
protein metabolism, protein turnover 

and, 286

Skinfold(s)
calculation of total body fat from, 127
calipers, 127
measurement of, 141
thickness(es), 124, 127

calipers, 105
as indicators of adipose tissue, 140

Skipping meals, 24, 62
Sleep disturbance, 68
Snacking, 28
Soccer, 27
Social withdrawal, 72
SOD, see Superoxide dismutase
Softball, 27
Software

default assumption, 35
dietary analysis, 37
dietary assessment, 36
nutrient analysis, 31, 32
packages, dietary analysis, 31

Somatotype changes, 170
Specific dynamic action (SDA), 213
Spectrofluorometry, 362
Spirometry

closed-circuit, 205
open-circuit, 205, 219

Splanchnic tissue protein turnover, 288
Sports

education and training, 4
estimates of energy needs of, 219
medicine team, responsibilities of 

members of, 6
nutrition, 4, 391
periodicity of selected, 27
physical demands of, 26

Sports, Cardiovascular and Wellness 
Nutritionists (SCAN), 4–5

Sports drinks, 35
SSRI, see Selective serotonin uptake inhibitor
Stair stepping, 219
Stanford 7-Day Activity Recall, 247
Stature

body mass and, 122
components of, 140
diurnal variation of, 139

Stool examination, 378
Strength

development, factors influencing, 178
gender and, 178
muscular, 232
performance, gender differences in, 185
training, females participating in, 184

Stress, emotional, 211
Structured Clinical Interview for Axis I DSM-

IV Disorders (SCID), 81

 

0927_Index_frame  Page 408  Thursday, March 21, 2002  2:18 PM



 

Index

 

409

 

Subclinical eating disorder, 67, 69
Substance abuse, 80
Superoxide dismutase (SOD), 348

biochemical assays for, 349
erythrocyte, 348

Supplements
FDA regulations about labeling, 35
performance-enhancing, 341
phosphate-containing, 358

Surrogate reports, 233
Swimmers

changes in body composition of female, 
163

characteristics of, 150
heights and weights of, 151

Swimming, 27
long distance, 190
ultraendurance, 195

 

t

 

Tachycardia, 375
Tanner stage levels, 96
TBF, see Total body fat
TBK, see Total body potassium
TBM, see Total body mass
TBW, see Total body water
TC, see Total cholesterol
Tennis, 27
Testosterone, 96

levels, 117, 184
release, increase in, 120

TG, see Triglycerides
Thiamin, 56, 322, 330
Third World, acceleration of growth in, 118
Thirst, 27
Thyroid hormones, 92, 118
TOBEC, see Total body electrical conductivity
Tocopherols, 330
Tocotrienols, 330
Total body

electrical conductivity (TOBEC), 126
fat (TBF), 102
mass (TBM), 188
potassium (TBK), 126
water (TBW), 125, 126, 128, 164

Total cholesterol (TC), 259
Track-and-field athletes

age and selected anthropometric 
characteristics of female, 157

anthropometric characteristics of, 155
comparisons of, 161
heights and weights of, 159

mean heights of, 148
Training

activity, daily average of, 6
adaptation to in different sport 

disciplines, 121
anaerobic, 183
continuous, 26
endurance, 215, 287
exercise, 227

effect of on basal metabolic rate, 218
effect of on REE, 217

programs, use of body composition data 
to design, 109

strength, 184
triathlon, 292
weight, 163

Transferrin receptor, 352
Treadmill

energy cost of ambulation on, 219
exercise, 244

Treatment planning, 84
Triathlon

performance, enhancement of, 190
training, 292

Tri-axial monitors, 211
Triceps skinfold thickness (TSF), 92, 105, 106, 

109
Triglycerides (TG), 259, 260
Tritrac accelerometer, 240
TSF, see Triceps skinfold thickness
Typical Week Physical Activity Survey, 247

 

U

 

Uni-axial accelerometers, 211
United States Department of Agriculture 

(USDA), 30, 45
Database for Standard Reference, 31
Food Guide Pyramid, 6, 7
Healthy Eating Index developed by, 51
regulations, 33
Web site, 33, 34

United States Health Examination Survey, 
160

Unitless indices, 228
Urea

cycle, 304
nitrogen kinetics, 296

Urine analysis, 378
USDA, see United States Department of 

Agriculture
USMA, see U.S. Military Academy
U.S. Military Academy (USMA), 50–51
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V

 

Vegetarians, 52
Ventilation meter, 206
Very low density lipoprotein (VLDL), 260, 

261
Vitamin(s)

A, 320, 329
active forms and storage sites for, 328
assessments, 334
B

 

6

 

, 56, 324
B

 

12

 

, 325
bioavailability, 327
C, 56, 326–327
D, 320, 329
E, 321
extraction procedure, 318
fat-soluble, 319
incorporation of into coenzymes, 317
intake, 55
K, 321–322
measurement of serum levels of, 327
RDAs for, 55
stability, 318, 319
supplements, 28
water-soluble, 319

Vitamin status, assessment of, 317–338
analytical considerations, 318–329

biochemical indices to assess vitamin 
status, 328–329

stability of vitamins, 318–327
vitamin bioavailability, 327–328

assessment guidelines and 
considerations, 329–333

biotin, 332
folate, 332
niacin, 331
pantothenic acid, 332–333
vitamin A, 329
vitamin B

 

1

 

, 33–331
vitamin B

 

6

 

, 331
vitamin B

 

12

 

, 331–332
vitamin C, 332
vitamin D, 329–330
vitamin E, 330
vitamin K, 330

assessment methods, 333–334
VLDL, see Very low density lipoprotein
Volleyball, 152

players
age and selected anthropometric 

characteristics of female, 161

heights and weights of, 156
women’s, 27

Vomiting, self-induced, 65

 

W

 

Waist to hip ratio (WHR), 126
Walking, treadmill, 244
Water

consumption, 27
intake, measurement of dietary, 210
-soluble vitamins, 319

Weight
class, competition in, 9
diurnal variation of, 139
-for-age growth chart, 96, 97
-for-height, assessment of, 102
gain, 64, 82
loss

dramatic, 72
by supervised exercise, 263

management, 29, 30
training, 163

Weightlifters, daily protein requirement for, 
302

Weightlifting, world record performances in 
Olympic-style, 186

WHO, see World Health Organization
WHR, see Waist to hip ratio
Willpower, 63
World Health Organization (WHO), 213
Wrestling, 27

 

Y

 

Yamax Digiwalker, 240, 242

 

Z

 

Zeeman correction, 346, 362
Zinc

assessment, methods for, 359
concentrations, plasma, 361
-containing enzyme activities, 359
deficiency, 358
protoporphyrin, 353
reference intervals, 360

Z scores, 91, 96

 

0927_Index_frame  Page 410  Thursday, March 21, 2002  2:18 PM


	Front Cover
	Series Preface
	Preface
	Acknowledgments
	Editors
	Contributors
	Contents
	1.  Introduction to Nutritional Assessment of Athletes
	2.  Estimation of Food and Nutrient Intakes of Athletes
	3.  Evaluation of Nutrient Adequacy of Athletes&#8217; Diets Using Nutrient Intake Data
	4.  Assessment of Possible Presence of Eating Disorders
	5.  Assessment of Growth in Child Athletes
	6.  Assessment of Growth in Adolescent Athletes
	7.  Anthropometry of Adult Athletes: Concepts, Methods and Applications
	8.  Body Composition and Gender Differences in Performance
	9.  Laboratory Methods for Determining Energy Expenditure of Athletes
	10.  Field Assessment of Physical Activity and Energy Expenditure among Athletes
	11.  Assessment of Lipid Status in Athletes
	12.  Assessment of Protein Status in Athletes
	13.  Assessment of Vitamin Status in Athletes
	14.  Assessment of Mineral Status of Athletes
	15.  Clinical Assessment of Athletes
	16.  Summary &#8212; Nutritional Assessment of Athletes
	Index

