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Preface

Scientists and clinicians who want to broaden their understanding of the muscu-
loskeletal system should read this book, whether their patients are top-placed
marathon runners or persons for whom taking ten steps out of bed is a marathon.

As a society, we are very accustomed to the visible functions of muscle, fat,
bone, and connective tissue. We frequently refer to the musculoskeletal system
when describing a person — frail, strong, brittle-boned, big, lean, short, agile,
muscular, skinny, fit, and so on. Minutes after a child’s birth we proudly announce
those two key musculoskeletal parameters of height and weight.

Contrast what meets the eye to the unseen critical functions of the muscu-
loskeletal system. The human body is a veteran of famine, deprivation, and pro-
creation. In its millennia of experience, maintaining blood pH and temperature,
fueling the brain and vital organs, and defending against foreign invaders have
been afforded top priority and receive minute-by-minute attention. One may think
of it like this: the musculoskeletal system is analogous to a bank account on
which the body draws to satisfy its top priorities. Millions of “transactions” occur
each second and are known collectively as our metabolism. Only if funds are
available does the body maintain muscle for strength, bone for structure, fat for
shape, and connective tissue for motion.

Insufficiency of nutrients for muscle and bone health usually has a gradual
onset. In some circumstances, the process begins in the womb. Then one day,
seemingly out of the blue, the gradual process reveals itself: the favorite jeans are
too tight, the rotator cuff tear does not heal, the small slip results in a hip fracture,
the dentist diagnoses periodontal disease, or the muscle strain does not heal in
time for the last game of the season. Discovering a musculoskeletal weakness can
be as upsetting as finding out that the bank account is not FTC (Federal Trade
Commission) insured. Neither is the musculoskeletal system FTC (fitness and
total conditioning) insured, except with strategic nutrition.

The treatment of musculoskeletal conditions is widely shared among specialties:

• Preventive medicine corrects short-term dips in the musculoskeletal
reserves, while integrative medicine corrects longer-term dips in the
musculoskeletal reserves associated with pathology. Furthermore,
preventive, integrative, functional, holistic, antiaging, complemen-
tary, naturopathic, and alternative medicine practitioners are champi-
oning the transition from an acute health care system to a system of
chronic disease management more inclusive of nutrition.

• Sports, military, aerospace, and occupational medicine anticipate the
extreme environment of their patients, and optimize muscle and bone-
sparing nutrition accordingly.
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• Pediatricians diligently monitor patients’ growth; abdominal girth,
weight and height are important health indicators at all ages. Early
environments of the womb, infancy, and childhood shape future mus-
culoskeletal health.

• Endocrinologists have identified the pathways that build muscle and
bone and metabolize fat. Adipose tissue is now credentialed as an
endocrine organ. Bariatricians and bariatric surgeons similarly pioneer
ways to metabolize fat.

• Surgeons pioneer understanding of how nutrition enhances outcomes
and have said, “Repairing a shoulder without muscle is like nailing a
chiffon pie to the wall.” Dentists are surgeons for a uniquely visible
component of the musculoskeletal system. They can identify nutri-
tional deficiencies by keenly observing oral markers on the initial
visit, and dentists are credited for first warning how sugar harms bone
(tooth) health.

• Pain management specialists, osteopathic physicians, physical thera-
pists, massage therapists, chiropractors, and acupuncturists have
partnered with nutrition specialists to relieve pain, especially for
fibromyalgia.

• Life expectancy is increasing, and at the same time degenerative con-
ditions of the muscles, joints, and tissues are beginning earlier.
Consequently, the fields of antiaging medicine and geriatrics both
focus on treating sarcopenia, obesity, osteoporosis, and arthritis.

• Nutritionists work tirelessly to help patients navigate through a dizzy-
ing array of boxes and cans and when needed, voice the verdict
“That’s not food!” Behavioral medicine buttresses the efforts of nutri-
tion specialists; many people who set out to make healthy choices are
thwarted by food cravings, habits, social norms, and marketing
schemes.

• Public health has long advocated good nutrition and identified com-
munity risk factors for practicing clinicians. Food processing tech-
niques and contamination with xenobiotics pose new broad-sweeping
challenges to the musculoskeletal system. Recently, anthropologists
have stepped into public health nutrition with an insightful variation
on the turn of phrase “You are what you eat.” The health of bones
from our evolutionary ancestors coincides with dietary history.

Nutrition has long been the missing link in the daily treatment of the various
musculoskeletal conditions by the health professionals listed above. The often-
stated reason for giving nutrition short shrift is the lack of evidence. Here it is!

This textbook is a reference for the evidence-based integration of nutrition
into medical treatment. It includes the biologic rationale, animal studies, epi-
demiology, clinical trials, ongoing research initiatives, and food industry statis-
tics. Several contributors have privileged and intimate knowledge of the food

vi Preface
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industry. Most of us in medicine are not taught how our food is prepared, neither
is the information readily available in our peer-reviewed journals. Dramatic shifts
in food quality in recent decades have led to pervasive and quantifiable shifts in
the very nutrients needed for musculoskeletal health, and provide extremely com-
pelling evidence not customarily found in medical textbooks.

The most important advances in the science of medicine may be those that
enhance the art of medicine. Knowledge of the molecular processes that underlie
chronic disease equips a clinician to help patients walk their unique path back to
health.

Putting nutrition into practice can be straightforward. This textbook explains
how new technology can be integrated. It elaborates on foods and nutraceuticals
with effects similar to medications. Information is organized into 100 tables and
figures designed for easy reference. The text also includes pearls from clinicians
who have achieved world renown for nutritional innovations in fibromyalgia,
sports medicine, extreme environments, osteoporosis, and obesity.

This intellectual work generously contributed by 40 scientists and clinicians
seems analogous to a mosaic or impressionist painting; as one steps away from it,
a masterful image of musculoskeletal health emerges.

Ingrid Kohlstadt, M.D., M.P.H., F.A.C.N.
Physician Nutrition Specialist

Preface vii
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INTRODUCTION

A central aspect of the field of nutrition and musculoskeletal health is establishing
the body composition characteristics of humans. This chapter provides an
overview of concepts and methodology related to quantifying human body
composition, particularly as they pertain to measuring the quantity and distribution

Body Composition:
Quantifying the
Musculoskeletal System

Ian Janssen, Ph.D.

1

3
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of fat, fat-free mass (FFM), and the skeleton. This chapter will also briefly
discuss the influence of growth and development, aging, race, and gender on the
musculoskeletal system, and in so doing will set the stage for many of the subse-
quent chapters.

BODY COMPOSITION RULES

FIVE-LEVEL BODY COMPOSITION MODEL

The human body can be organized into five distinct levels of increasing com-
plexity: atomic, molecular, cellular, tissue, and whole body.1 Figure 1.1 illustrates
the primary components of the five levels. There are two key concepts of the five-
level body composition model. The first is that components at higher levels are
composed of lower-level components. Consider, for example, adipose tissue, a
tissue level component that includes (but is not limited to) adipocytes at the
cellular level, lipids at the molecular level, and carbon at the atomic level.

The second key concept of the five-level body composition model is the exis-
tence of relations among components that are relatively constant within a given indi-
vidual over time (e.g., before and after weight loss) and among different individuals
(e.g., similar in overweight and lean individuals). For instance, there is a relatively
stable relation between total body water at the atomic level and FFM at the molec-
ular level (FFM � total body water � 1.37).2 The existence of these stable rela-
tions is fundamental to the body composition field as they allow investigators to
estimate an unknown component based on a measured component. Thus, in the

4 Scientific Evidence for Musculoskeletal, Bariatric, and Sports Nutrition

FIGURE 1.1 Five-level body composition model. (Adapted from Wang, Z.M., Pierson, R.N.,
Jr., and Heymsfield, S.B., Am. J. Clin. Nutr., 56, 19–28, 1992.)
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aforementioned example, FFM could be estimated based on total body water
measures.

The next five sections will provide a brief description of each body composi-
tion level. Interested readers are referred to a more detailed description of the
five-level body composition model and of the specific levels.1

ATOMIC LEVEL

Elements are the building blocks of all biological organisms. There are about 50
elements contained in the human body, most of which are required for growth and
maintenance.1 Four elements (O, C, H, and N) account for over 95% of the body
mass, and an additional seven (Na, K, P, Cl, Ca, Mg, and S) over 99.5% of the
body mass.1 Although the elements themselves are rarely an outcome of interest
in body composition or nutrition research, they are at times measured to gain an
insight into the quantity of one or more of the components at the molecular, cel-
lular, or tissue level. That is, elements maintain relatively stable relationships with
body composition components at higher levels, and these known relationships
allow components at body composition levels 2 through 4 to be estimated based
on the measurement of elements at level 1. For instance, the potassium (atomic
level) to skeletal muscle (tissue level) ratio in the human body is approximately
120 mmol/kg. Thus, skeletal muscle mass can be estimated with a high degree of
accuracy based on measured quantities of total body potassium.3

MOLECULAR LEVEL

The molecular level components can be subdivided into five main groups: lipids,
water, proteins, carbohydrates, and minerals. Triglycerides, which are also referred
to as nonessential lipids in the body composition field, are the most abundant
lipid species in humans. Triglycerides serve as energy storage compounds in large
amounts in adipose tissue and in smaller amounts in many other tissues such as
skeletal muscle and liver. The remaining lipid species (phospholipids, sphin-
golipids, steroids) are often referred to as essential lipids, and these lipids are
involved in a number of biochemical and physiological processes.

The nonlipid molecular level components consist of water (which can be sub-
divided into intracellular and extracellular compartments), proteins (e.g., actin
and myosin proteins in skeletal muscle), glycogen (�1 kg stored in skeletal muscle
and liver), and minerals (bone and soft-tissue minerals). These nonlipid molecular
components are often combined or lumped together in body composition methods.
For instance, the classic “two-compartment” model is based on the concept
that the body can be divided into FFM (water � protein � glycogen � minerals)
and fat mass (essential lipids � nonessential lipids). The two-compartment model
has been a widely applied body composition model for over 50 years.4 More
recently, multicompartment models have been developed that are based on frac-
tioning the body into more than two components at the molecular level.5 These
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multicompartment models are useful in situations where the composition of FFM
is altered (e.g., sarcopenia or osteoporosis). In these situations, one of the funda-
mental assumptions of the two-compartment model (e.g., similar ratio between
the various FFM molecules across individuals) is violated.

CELLULAR LEVEL

The cellular level consists of cell mass, extracellular fluids, and extracellular
solids. The extracellular solids consist primarily of bone minerals and collagen,
reticular, and elastic fibers. The extracellular fluid includes water and dissolved
electrolytes and proteins. The cell mass is of a greater nutritional interest, and
includes organelles, mitochondria, and triglycerides. Because cells are the basic
functioning biological units, evaluating the three major components of the cell
level allows insight into a number of biological processes.

TISSUE LEVEL

The primary tissue level compounds are adipose tissue, skeletal muscle, bone,
visceral organs, brain, and a residual component (e.g., tendons, skin). Adipose
tissue is further subdivided into subcutaneous (adipose tissue directly underneath
the skin), visceral (adipose tissue surrounding the organs of the gastrointestinal
tract), and interstitial (marbled adipose tissue between muscle fibers and bundles)
depots. Over the past 15 years there has been a great interest in discerning the sep-
arate effects of the various adipose tissue depots on obesity-related health risk.6,7

Editor’s Note

Obesity is an epidemic of allometry, the disproportionate growth of one part of an
organism. A disproportionate decrease in lean to nonlean tissue is a relatively
early sign of the metabolic imbalances which lead to obesity, sarcopenia, and
arthritis. Clinicians can use the technologic advances in body composition assess-
ment to quantify the musculoskeletal health of their patients.

BODY COMPOSITION METHODS

This section describes various methods for estimating human body composition.
Only commonly employed body composition methods that are used to measure
the three tissues of interest in this book — fat (or adipose tissue), lean soft tissues
(primarily skeletal muscle), and the skeleton — will be covered. More detailed
descriptions of these and other body composition methods have been presented in
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earlier publications.8,9 A brief overview of basic measurement method principles
is provided before specific body composition techniques are discussed.

MEASUREMENT METHOD PRINCIPLES

The ideal approach for measuring a specific body composition component is to
measure it directly. Unfortunately, with the exception of simple anthropometric
measures (e.g., height, body mass), direct measurement of human body composi-
tion can only be achieved by cadaver analysis. Even medical imaging methods
such as magnetic resonance imaging (MRI) and computed tomography (CT) are
indirect methods. With MRI and CT, cross-sectional images (pictures) are
obtained at specific levels in the body. Because the tissue size is measured in the
cross-sectional images and not in vivo, these imaging methods are considered
indirect body composition measures.

Most body composition methods are far more indirect than MRI and CT as
they rely on a mathematical transformation, whereby the measured property is
transformed into the body composition component of interest. Two basic types of
mathematical transformations exist.10 The first is based on stable relationships
between measured properties and body composition components, many of which
can be understood from their underlying biological basis. As an example, FFM �
total body water �1.37.2 The second is based on a statistically derived relation-
ship between the measured property and the body composition component,
whereby the measured property is mathematically transformed into the body
composition component. That is, a statistically derived regression equation for
predicting the body composition component, as measured by a reference method,
is derived in a group of individuals in whom both the body composition compo-
nent and the measured property were obtained. The constant and coefficients
from this regression model can then be applied to the measured properties of
other individuals, who did not have their body composition measured by the
reference method, to estimate the body composition component of interest. For
instance, bioelectrical impedance analysis (BIA) measures of current resistance
can be entered into a regression model along with other measured properties (e.g.,
height, weight, age, sex) to predict FFM as determined by underwater weight-
ing.11 These simple, quick, and inexpensive BIA measures could then be used to
predict FFM in cases where it is not suitable to obtain the more cumbersome,
time-consuming, and expensive underwater weight measures.

The precision of a body composition prediction equation refers to its per-
formance within the sample from which it was derived, while the accuracy refers
to the performance of the equation when it is applied to a new subject group or
individual. A number of factors influence the precision and accuracy of body
composition prediction equations including the magnitude of the error involved
in obtaining the measured (independent) and body composition component
(dependent) variables (as error increases the precision and accuracy decrease), the
strength of the biological and statistical relations between the independent and
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dependent variables (as the strength of the relationships increases, the precision
and accuracy increase), the size of the sample in which the equation was developed
(as the sample size increases, the precision and accuracy will tend to increase),
and the degree to which the characteristics of the sample in whom the equation
was developed are comparable to the characteristics of the sample or individual in
whom the equation is being applied (the greater the difference between samples,
the poorer the accuracy).11

ANTHROPOMETRY

Anthropometric instruments are portable and inexpensive. Further, procedures
are non-invasive and minimal training is required. This makes anthropometry
practical for application in the clinical setting and in large epidemiological studies.
In its simplest form, anthropometry includes direct measures of height and body
mass. The body mass index (BMI), a simple index of weight-for-height (kg/m2),
is commonly employed in both research and clinical settings as a measure of adi-
posity status. The globally accepted BMI classification system for adults is shown
in Table 1.1.12 This classification system is based on the relation between BMI,
chronic disease, and mortality. The BMI cut-points are the same for both sexes
and are age independent. These BMI values can be used for all racial groups, with
the exception of Asian populations in whom a BMI of 23 kg/m2 denotes over-
weight and a BMI of 27 kg/m2 denotes obesity.14

8 Scientific Evidence for Musculoskeletal, Bariatric, and Sports Nutrition

TABLE 1.1
Classification of adiposity status in adults according to BMI and waist 
circumference

Classification BMI (kg/m2) Morbidity and mortality risk

Low waist High waist 
(men � 102 cm, (men � 102 cm, 
women � 88 cm) women � 88 cm)

Underweight �18.5 Increased NA
Normal range 18.5–24.9 Low Increased
Overweight �25

Preobese 25–29.9 Increased High
Obese class I 30–34.9 High Very high
Obese class II 35–39.9 NA Very high
Obese class III �40 NA Extremely high

Note: NA � not applicable. All underweight individuals have a low waist circumference and virtually
all class II and class III obese individuals have a high waist circumference.

Source: Adapted from National Institutes of Health National Heart Lung and Blood Institute, Obes.
Res., 6, S51–S210, 1998.
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In children, BMI changes substantially with age, rising steeply during
infancy, falling during the preschool years, and then rising again continuously
into adulthood. For this reason, overweight and obesity in children and adoles-
cents is determined using age-specific BMI cut-points. Numerous countries have
produced BMI-for-age growth curves, which allows an individual’s BMI to be
expressed as an age- and sex-specific percentile. Historically, the 85th and 95th
percentiles have been used to determine overweight and obesity status, respec-
tively, in children and adolescents.12 International BMI standards for defining
overweight and obesity in youth have also been developed by regressing the adult
BMI cut-points of 25 and 30 kg/m2 at age 18 back through the growth curve.15

This approach also provides age- and sex-specific BMI cut-points that, from a
global perspective, may be the most appropriate means for defining overweight
and obesity in children and adolescents.

Although BMI is a decent correlate of fat mass, the relation between BMI and
fat mass is influenced by a number of factors including race, age, genetic factors,
and fitness level. In fact, somewhere in the order of 25 to 50% of the interindi-
vidual variation in fat mass within each sex is not accounted for by BMI.16 Not
surprisingly, more direct anthropometric measures of body fat obtained via skin-
fold thickness explain an additional 15% of the variance in fat mass than BMI.16

Skinfold thickness measures are obtained by grasping the skin and adjacent
subcutaneous adipose tissue between the thumb and forefinger, pulling it away
from the underlying muscle, and using a skinfold caliper to measure the thickness
of the subcutaneous adipose tissue at that site. A precision of about 5% for skin-
fold thickness measures can be attained by properly trained and experienced indi-
viduals.17 Typically, skinfold thickness measures are obtained at five to seven sites
that cover the torso, arms, and legs. These skinfold thickness measures can then be
summed (e.g., sum of five skinfolds)16 or inserted into a number of different body
fat prediction equations17 to be used as an index of adiposity status. Table 1.2 lists
cut-points for underweight, normal weight, overweight, and obesity based on the
sum of five skinfolds and percent body fat (% body fat � fat mass/body mass � 100)
values that correspond to the commonly used cut-points based on BMI.16,18

Although it may be more appealing to use indirect estimates of fat mass
derived from skinfold prediction equations than directly measured sum of skin-
fold measures, skinfold thickness prediction equations need to be applied with
great caution. These equations make the assumption that there is no interindivid-
ual variation in the proportion of subcutaneous adipose tissue to total fat mass,
which is incorrect. For instance, the ratio of subcutaneous to visceral adipose
tissue varies by race, sex, age, and physical activity level. Thus, skinfold predic-
tion equations should be restricted to individuals with similar characteristics to
the subject pool in which the equations were derived. This is a daunting task as
numerous skinfold equations exist,17 although most of these are specific to
healthy young and middle-aged Caucasian populations.

Body circumference measurements have also been used to measure body fat
and its distribution. In addition to total fat mass, the distribution of fat within
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the body is an important determinant of obesity-related health risk. In particular,
the two abdominal fat depots — abdominal subcutaneous and visceral adipose
tissue — are involved in the pathogenesis of numerous cardiovascular disease and
diabetes risk factors.12,13 The accumulation of excess visceral adipose tissue is
believed to be of particular relevance. In this regard, waist circumference is a
simple anthropometric measurement that is an approximate index of abdominal
subcutaneous and visceral adipose tissue content.16 Furthermore, changes in waist
circumference reflect changes in abdominal fat.19 Thus, waist circumference is a
useful clinical tool that can be used to identify individuals at increased health risk
due to abdominal obesity. 

Ideally, waist circumference should be used in combination with BMI as an
anthropometric indicator of health risk, as waist circumference explains an addi-
tional component of morbidity and mortality than is explained by BMI alone. The
U.S. National Institutes of Health13 have proposed that waist circumference
values of � 102 cm (40 in.) in men and � 88 cm (35 in.) in women can be used
within the BMI categories listed in Table 1.1 to differentiate between those with
and without abdominal obesity. For example, a class I obese man with a waist
circumference of � 102 cm would be considered to have a “normal” abdominal
fat content and a “high” health risk, whereas a class I obese man with a waist
circumference of � 102 cm would be considered to have a “high” abdominal fat
content and a “very high” health risk. The added effect of waist circumference is
illustrated in a representative sample of American men in Figure 1.2, which
demonstrates the prevalence of the metabolic syndrome — a constellation of car-
diovascular disease risk factors — according to waist circumference classification

10 Scientific Evidence for Musculoskeletal, Bariatric, and Sports Nutrition

TABLE 1.2
Classification of adiposity status in adults according to BMI, sum of five
skinfolds, and percent body fat

Sum of five % Body fat
skinfolds (mm)a

Classification BMI (kg/m2) Men Women Men Women

Underweight �18.5 �25 �46 �13 �23
Normal range 18.5–24.9 25–54 46–83 13–21 31–37
Overweight (preobese) 25–29.9 55–77 84–113 21–25 31–37
Obese 30–34.9 �77 �113 �26 �38

aSum of five skinfolds � subscapular � biceps � triceps � iliac crest � calf skinfolds.

Source: Adapted from Janssen, I., Heymsfield, S.B., and Ross, R., Can. J. Appl. Physiol., 27, 396–414,
2002, and Food and Nutrition Board (Institute of Medicine), Dietary Reference Intakes for Energy,
Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino Acids (Macronutrients),
National Academies Press, Washington, DC, 2003.
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within normal weight, overweight, and class I obese BMI categories.20 In this
example the prevalence of the metabolic syndrome is more than doubled in men
with a high waist circumference compared to men with a normal waist circum-
ference within each of the three BMI categories.

In addition to fat mass and distribution, skinfold and circumference measures
have also been employed to predict the quantity of skeletal muscle. Historically,
this has been done from a malnutrition perspective using estimates of skeletal
muscle size in the upper arm. Because skeletal muscle is the body’s primary
protein reserve, muscle wasting is a reflection of malnutrition.21 Although the
circumference of the upper arm alone does not yield a precise diagnosis of
malnutrition, the circumference of the upper arm (Ca) corrected for the thickness
of the triceps skinfold (S) can be used to estimate the upper-arm muscle
circumference (Cm) as Cm � Ca – �S.

Anthropometric measures have also been used in prediction equations to esti-
mate whole-body skeletal muscle mass in adults using upper-arm, forearm, thigh,
and calf limb circumferences corrected for subcutaneous skinfold thickness.22

Corrected muscle circumferences in these four regions are squared and multiplied
by height to obtain a three-dimensional (volume or mass) skeletal muscle measure
using a prediction equation derived from a reference-method dependent procedure.
Assessment of skeletal muscle size in adults has important applications in a
number of disciplines. Most notably, geriatricians are interested in examining the
influence of aging on muscle wasting, a universal age-related phenomenon that
has been named “sarcopenia,” as will be discussed in greater detail in Chapter 17.
Although sarcopenia is a universal process, with 100% of the population losing
muscle with increasing age, cut-points have been developed to denote significant
muscle loss. Although there is no universal agreement on what cut-points should
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FIGURE 1.2 Prevalence of the metabolic syndrome according to BMI status (normal
weight, overweight, or class I obese) and waist circumference status (normal or high) in
American men. (Adapted from Janssen, I., Katzmarzyk, P.T., and Ross, R., Arch. Intern.
Med., 162, 2074–2079, 2002.)
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be employed, recently height-adjusted skeletal muscle mass cut-points of 5.76 to
6.75 kg/m2 in women and 8.51 to 10.75 kg/m2 in men have been proposed to
denote a moderate level of sarcopenia, and cut-points of �5.75 kg/m2 in women
and �8.50 kg/m2 in men have been proposed to denote a severe level of sar-
copenia.23 Sarcopenia, as defined using this cut-points approach, is strongly
related to the functional impairment and physical disability that are common
among elderly persons, as illustrated in Figure 1.3 for a representative sample of
American men and women aged 60 and above.23

DENSITOMETRY

The measurement of body density is often considered the “gold standard” in the
measurement of human body composition. This is a reflection of the early devel-
opment and widespread use of this method, as a number of more accurate and
valid methods for measuring human body composition are presently available,
such as MRI, CT, dual-energy x-ray absorptiometry (DXA), and multicompart-
ment models.8,9 The most commonly used approach for determining body density
is underwater weighing, which has been employed in body composition research
for over 60 years.24 This method requires the subject to be completely immersed
in water, and the volume of displaced water and the subject’s weight underwater
(corrected for residual lung volume), in combination with their body mass, are
used to calculate the density of the body according to Archimedes principle
as density � body mass/body volume. The body density in turn can be used to
estimate body composition according to the two-compartment model as % body
fat � (495/density) 	 4.50.25

FFM has a greater density than fat mass (1.1 vs. 0.9 kg/l). Thus, the greater
the body density, the lower the percent body fat. The measurement of body

12 Scientific Evidence for Musculoskeletal, Bariatric, and Sports Nutrition

FIGURE 1.3 Odds ratio for physical disability according to skeletal muscle mass (normal,
moderate sarcopenia, or severe sarcopenia) in older American men and women. (Adapted
from Janssen, I., Baumgartner, R.N., Ross, R., Rosenberg, I.R., and Roubenoff, R., Am. J.
Epidemiol., 159, 413–421, 2004.)
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density is based on the assumption that the densities of fat mass (0.9 kg/l) and
FFM (1.1 kg/l) are relatively constant. This is a reasonable assumption for fat
mass, but not for FFM as there are variations in FFM density with sex and race,
as well as individual changes that occur in response to aging, physical activity,
and disease.9 Normal variations in hydration, protein content, and mineral content
can also influence FFM density.9 The individual error for densitometry derived
measures of fat mass is in the order of 3 to 4% of body mass.25

In recent years, air-displacement plethysmography has started to replace
underwater weighing as a means of measuring body density.26 In this technique
the subject is placed in an egg-shaped, closed air-filled chamber called the
“Bod Pod.” The volume of the chamber is altered slightly, and the pressure vs.
volume relationship is used to calculate the volume and density of the subject.
With this technique the subject does not have to be submerged in water, which
is a clear advantage over underwater weighing. However, all the limitations that
are inherent to the body density and composition prediction equations that were
originally developed for underwater weighing remain true for air-displacement
plethysmography.

BIOELECTRICAL IMPEDANCE ANALYSIS

BIA is one of the most frequently used body composition methods due to the
inexpensive cost of the instrumentation, its ease of operation, and portability. BIA
reflects the ability of tissues and the whole body to conduct an electrical current.
Typically, BIA measurements are performed using four gel electrodes (e.g., ECG
electrodes) — two are attached at the right wrist and two at the right ankle. A
weak (~50 kHz) alternating current is passed from the BIA apparatus through the
outer wrist and outer ankle electrodes. The currents travel across the body, and the
drop in current voltage, from which the BIA resistance value is derived, is meas-
ured by the BIA apparatus using the inner pair of electrodes. In addition to the
classic arm-to-leg BIA apparatus, a variety of leg-to-leg BIA machines have been
developed. These scale-like machines use contact electrodes (steel plate on top of
the scale) instead of gel electrodes, and the electrical current flows across the
legs. Thus, BIA resistance obtained on a leg-to-leg apparatus reflects the voltage
drop as the current travels from one foot to the other, and does not reflect the volt-
age drop across the whole body as is obtained from the classic arm-to-leg BIA
apparatus.

When the BIA current flows through the body it is partitioned among differ-
ent tissues according to their individual volume resistances to current flow.
Because skeletal muscle has both a large volume (largest tissue in most people)
and low resistance (owing to its high electrolyte content), most of the current in
a whole-body BIA measure flows through skeletal muscle, and most of the BIA
resistance is explained by muscle mass.27 Conversely, adipose tissue and bone
have poor conductance properties (owing to their low electrolyte content) and
thus have a minimal impact on BIA resistance.27 Further, because the trunk is of
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little concern in whole-body BIA measures (e.g., the large diameter of the trunk
will create little resistance), visceral organ mass also has a minimal impact on
BIA resistance.27

All currently used BIA approaches are reference-method dependent. That is,
BIA resistance measures must be mathematically transformed into the body com-
position component of interest using a prediction equation. Numerous equations
exist for predicting FFM based on BIA measures. Fat mass can subsequently be
determined by subtracting FFM from body mass. The vast majority of the studies
in which the BIA-FFM equations were developed used underwater weighting or
DXA as the reference method.11 Many BIA equations also exist for predicting
total body water, as at the molecular body composition level (level 2, Figure 1.1)
BIA resistance is determined by water content. For development of the total body
water prediction equations the isotopic dilution of tritium, deuterium, or oxygen-
18 was used as the reference method.9 Finally, BIA measures can also be used to
estimate skeletal muscle mass as measured by MRI.28 In most cases BIA predic-
tion equations are population specific, and great care should be taken to select an
appropriate equation for the individual or group of interest. Also, because BIA
measures are dependent on hydration status, it is important to control for the con-
sumption of food and fluids and recent exercise, as variations in these factors may
temporarily influence hydration status and consequently have a strong impact on
estimates of body composition.29

As stated in the preceding paragraph, BIA is a commonly employed method
for measuring total body water, as well as its distribution into the intracellular and
extracellular compartments.11 The body can gain or lose significant amounts of
water in certain clinical situations (e.g., dialysis), with certain drugs, and in
response to physiological strains (e.g., dehydration). Thus, the measurement of
body water has important clinical implications.

DUAL-ENERGY X-RAY ABSORPTIOMETRY

The measurement of bone mineral density in vivo was introduced in 1963.30 This
technique, which later became known as single-photon absorptiometry, permitted
bone mineral content to be measured in the wrist. With the emergence of osteo-
porosis as an important clinical entity (refer to Chapters 26 to 28), numerous
technological advances in the measurement of bone mineral density have since
been achieved. At present, DXA is the primary clinical method used for the diag-
nosis of osteoporosis. Although DXA measures were initially limited to the spe-
cific regions that are the most important in osteoporosis (e.g., lumbar spine,
femoral neck, and forearm), DXA has been extended to allow for the study of the
total skeleton in addition to its regional parts.31 Further, advancements in DXA
technology have also permitted for the measurements of soft-tissue composition
in addition to bone mineral content and density.31 Thus, three components can
be measured with a whole-body DXA scan: bone mineral mass, fat mass, and
bone-free FFM (FFM – bone mineral mass).
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Whole-body DXA measurements that are used in the body composition field
are relatively quick (15 min or less), noninvasive, precise, and reproducible.
Further, the body composition results are operator independent and are available
immediately after the DXA scan is complete. The DXA instrument is composed
of a generator emitting x-rays of two energies, a scanning table, a detector, and a
computer system. The DXA procedure induces a small dose of radiation, equiv-
alent to that received on a transcontinental flight. The basic physical principle
behind DXA is the measurement of the transmission of a low-photon (~40 keV)
and a high-photon (~80 keV) x-ray through the body. The x-rays are generated
beneath the body; when the x-rays pass through the body the intensity of the pho-
tons is attenuated, and the intensity of the attenuated x-rays is measured by the
detector. The attenuation of the x-rays through bone, bone-free lean tissue, and fat
is different, reflecting their differences in density and chemical composition.32 As
the difference in the attenuation properties for these tissues is greater with a low-
photon x-ray than a high-photon x-ray, use of both a low- and a high-photon
x-ray allows the mass of bone, fat, and bone-free FFM to be estimated by the
DXA computer based on a number of complex assumptions and mathematical
equations.32 These body composition estimates, while comparable, differ slightly
depending on the DXA manufacturer, model, and software employed.9,32

The primary application of DXA has been to obtain site-specific measures of
bone mineral density (ratio of bone mineral content to bone area, both of which
are measured by DXA) at the lumbar spine, femoral neck, and forearm. DXA is
the predominant method used for the clinical diagnosis of osteoporosis and
osteopenia (the predecessor of osteoporosis). According to the World Health
Organization, individuals whose bone mineral density values are below 	2.5
standard deviations relative to the DXA manufacturers’ normative data for a
young population (aged 20 to 29 years) are considered to have osteoporosis,33

while those who fall from 	1.0 to 	2.5 standard deviations are considered to
have osteopenia.33 With this approach, individuals will be categorized differently
according to the site of measurement, the DXA equipment, and the manufactur-
ers’ reference population.33 For instance, someone who is diagnosed with osteo-
porosis based on a lumbar spine measure from a Hologic DXA scanner would not
necessarily be diagnosed with osteoporosis based on a femoral head measure
from a Lunar DXA scanner. Thus, there are some inconsistencies in the clinical
diagnosis of osteoporosis and osteopenia.

One of the primary advantages of employing DXA for soft-tissue assessment
is the capacity to obtain both whole-body and regional analyses. The standard
regions that are analyzed include the head, arms, legs, pelvic region, and trunk.
For fat mass, assessment of the trunk fat mass is of particular interest given the
effect of abdominal fat on the risk of diabetes and cardiovascular disease. For
bone-free FFM, the assessment of lean mass in the arms and legs is of particular
importance. The vast majority of bone-free FFM in the arms and legs is composed
of skeletal muscle, and with the emergence of sarcopenia as an important public
health issue, DXA is increasingly being used to estimate muscle mass.34
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COMPUTED TOMOGRAPHY AND MAGNETIC RESONANCE IMAGING

CT and MRI imaging methods are the most accurate means available for in vivo
quantification of body composition at the tissue level. Although access and cost
remain obstacles to routine use, these imaging approaches are now used exten-
sively in body composition research. CT and MRI are the methods of choice for
calibration of field methods designed to measure adipose tissue and skeletal
muscle, and are the only methods available for measurement of internal organs.

The basic CT system consists of an x-ray tube and receiver that rotate in a per-
pendicular plane to the subject. The x-ray tube emits x-rays that are attenuated as
they pass through tissues.35 A receiver detects the attenuated x-rays, and a cross-
sectional image is reconstructed with mathematical techniques. Tissue density is
the main determinant of attenuation, and it is the tissue difference in attenuation
values that provides tissue contrast in CT images. An example of an abdominal
CT image is shown in Figure 1.4.

Cross-sectional CT images are composed of picture elements or pixels, usually
1 by 1 mm squares. For each of the pixels that compose a cross-sectional CT image,
the x-ray attenuation value is expressed as a Hounsfield unit (HU). The lower the
density of the tissue the lower the HU values for the pixels that make up that tissue.
For example, adipose tissue is a low-density tissue with pixel intensity values that
range from about 	190 to 	30 HU. Conversely, skeletal muscle, a higher-density
tissue, has pixel intensity values that range from about 0 to 100 HU.36

The acquisition of MRI images is different from that of CT. Unlike CT, MRI
does not use ionizing radiation. Instead, it is based on the interaction between
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FIGURE 1.4 MRI and CT abdominal images. In the MRI image the lean tissues are dark
and the adipose tissue is light. In the CT image the lean tissues are light and the adipose
tissue is dark.

DK6006_C001.qxd  11/11/2005  2:43 PM  Page 16



hydrogen nuclei (protons), which are abundant in all biological tissues, and the
magnetic fields generated and controlled by the MRI system. Hydrogen protons,
which are abundant in all tissues, behave like tiny magnets. When a person is
placed inside an MRI unit, where the magnetic field strength is typically 15,000
times stronger than the earth’s, the magnetic moments of the protons in their body
align themselves with the magnetic field. With the protons aligned in a known
direction, a radiofrequency pulse is applied by the MRI system, which causes a
number of hydrogen protons to absorb energy. When the radiofrequency pulse is
turned off, the protons gradually return (relax) to their original positions, in the
process releasing energy that is absorbed by the MRI unit in the form of a radiofre-
quency signal. The MRI unit uses this signal to generate the cross-sectional
images. Because different tissues have different relaxation properties, they release
different amounts of energy. Manipulating the radiofrequency parameters allows
one to exploit the differences in relaxation properties between various tissues, and
in so doing, provides the necessary tissue contrast for high-quality cross-sectional
images. An example of an abdominal MRI image is shown in Figure 1.4.

After acquisition, CT and MRI images must be analyzed using special com-
puter software. This can be a very time-consuming and laborious process, depend-
ing on the analysis technique employed and the number of images acquired. Three
techniques are routinely employed to measure tissue size on CT and MRI images,
and these techniques vary considerably in terms of computer automation, manual
editing, and the anatomical expertise required by the individual analyzing the
images. Details of these procedures are provided elsewhere.37 Briefly, these pro-
cedures all begin by identifying pixels that belong to different tissues. After the
pixels for a given tissue have been identified, the area (cm2) of the tissue is calcu-
lated by multiplying the number of pixels for a given tissue by the surface area of
the individual pixels. If multiple CT or MRI images are obtained, tissue volumes
can be calculated by integrating the cross-sectional area data from consecutive
images, which can be obtained contiguously (typically 10-mm-thick images) or
with interslice gaps between images (e.g., space between the top of one image and
the bottom of the next image), which usually range from 20 to 40 mm. Tissue
volumes are then calculated based on the tissue areas in the cross-sectional images
and the distance between adjacent images.37 Because there are little interindivid-
ual tissue densities for adipose tissue, skeletal muscle, and organs, CT and MRI
volume measures can be converted to mass units by multiplying the volume by
the assumed density values for that tissue. For example, the constant densities for
adipose tissue and skeletal muscle are 0.92 and 1.04 kg/l, respectively.38

REFERENCE BODY COMPOSITION DATA

CHILDREN

The amount of body composition data available for preschool children is limited.
This reflects the difficulty in obtaining physical measures (e.g., cooperation from
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the child) and the concerns about the accuracy of techniques for such small body
sizes.9 There is, however, a considerable amount of body composition data avail-
able for school-aged children and adolescents. A summary of body composition
data for pediatric studies conducted around the world is presented in Figure 1.5.9

As shown in this figure, there is a marked increase in FFM, fat mass, and bone
mineral content during the growing years independent of sex and nationality.

18 Scientific Evidence for Musculoskeletal, Bariatric, and Sports Nutrition

FIGURE 1.5 Influence of age on fat mass, FFM, and bone mineral content in samples of
5- to 18-year-old children and adolescents from different countries. (From Ellis, K.J.,
Physiol. Rev., 80, 649–680, 2000.)
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Countries throughout the world experienced a marked increase in the prevalence
of overweight and obese children, and adolescents from the 1980s into the
21st century. A recent study compared the prevalence of overweight and obesity
(as defined according to the International Obesity Task Force child cut-points) in
school-aged youth from 34 industrialized countries.39 These findings, which are
presented in Figure 1.6, speak of the magnitude of the childhood obesity epi-
demic. (Note: In this study BMI was based on self-reported height and weight,
and the prevalences of overweight and obesity were likely underestimated.) A
more detailed discussion on childhood obesity is contained in Chapter 15.

ADULTS

Until recently there was an absence of representative body composition data for
adults. However, national reference body composition data for the United States
were recently published based on the BIA data from the Third National Health
and Nutrition Examination Survey.40 The mean FFM, fat mass, and % body fat
values are plotted in Figure 1.7 according to sex, race or ethnicity, and age. These
findings indicate that men have, on average, more FFM than women regardless of
age and racial or ethnic status. Conversely, women have a higher fat mass and %
body fat than men for a given age. Further, independent of sex and race or
ethnicity, fat mass increases with advancing age until approximately 60 years.
Conversely, FFM decreases with advancing age after approximately 50 years.

As with children, overweight and obesity are at epidemic proportions in
adults. In developed countries the prevalence of adult obesity is often 10 to 20%.41

In the United States, the prevalence of obesity in 20- to 74-year-olds has more
than doubled in the past 30 years from 15% in 1976 to 1980 to 31% in 1999 to
2000.42 Approximately 65% of U.S. adults were either overweight or obese at the
turn of the century.42 The age-related prevalence of obesity as determined by BMI
tends to follow age-related patterns in fat mass, with an increase from the third to
seventh decades and a decrease after age 70.42 In the United States, the prevalence
of obesity is slightly higher in women than in men (33 vs. 28%) and is higher in
ethnic minorities for both men and women.42

As with BMI, a number of factors influence fat distribution. For a given level
of total fat, men have more abdominal and visceral fat than women,43 older adults
have more abdominal and visceral fat than younger adults,43,44 Caucasians have
more abdominal and visceral fat than African–Americans,43 and physically inac-
tive and unfit individuals have more abdominal and visceral fat than physically
active and fit individuals.45

Using the cut-points approach for defining sarcopenia, as explained previously
in this chapter, it was recently reported that 53.1% of American men aged 60 or
greater have a moderate level of sarcopenia and that 11.2% have a severe level
of sarcopenia.23 For American women aged 60 or greater, 21.9% have moderate
sarcopenia and 9.4% have severe sarcopenia.23 Within the elderly population,
there is also an increasing prevalence of sarcopenia with advancing age, with the
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FIGURE 1.6 Prevalence of overweight and obesity in 10- to 16-year-old children from 34
industrialized countries. (From Janssen, I., Katzmarzyk, P.T., and Boyce, W.F. et al., Obes.
Rev., 6, 123–132, 2005.)
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prevalence rates being highest in the oldest old.46 Sarcopenia prevalence rates
tend to be higher in ethnic minorities such as Mexican–Americans.46

The prevalence of osteoporosis is quite high in the elderly population. Based
on femoral bone mineral density values and the World Health Organization
approach for defining osteoporosis and osteopenia, it has been estimated that
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FIGURE 1.7 Differences in FFM, fat mass, and percent body fat from 25 to 75 years of
age in American men and women. (Adapted from Chumlea, W.C., Guo, S.S., Kuczmarski, R.J.
et al., Int. J. Obes. Relat. Metab. Disord., 26, 1596–1609, 2002.)
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13 to 18% of American women aged 50 years of age or older have osteoporosis
and that 37 to 50% have osteopenia.47 Based on male-specific cut-points, it has
been estimated that 3 to 6% of American men aged 50 years or above have osteo-
porosis and that 28 to 47% have osteopenia.47 Within the population aged 50 years
and above, the prevalence of osteoporosis increases with advancing age such that
the highest prevalence rates are in the oldest old.

SUMMARY AND CONCLUSION

At present a number of methods can be used to quantify human body composition.
The method selected for the specific research project or clinical application will
depend on many factors, which include but are not limited to the body composi-
tion components being measured, the reproducibility and accuracy of the body
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TABLE 1.3
Summary of advantages and disadvantages of body composition methods

Body Components Cost Technical Accuracy/ Portable
composition measured expertise reproducibility equipment
method

Anthropometry Height, weight, Low Low Low to moderate Yes
BMI
Skinfolds,
circumferences

FFM, fat mass,
muscle

Densitometry FFM, fat mass Moderate Moderate Moderate No
(underwater
weight, air
displacement)

BIA FFM, fat mass, Low Low Low to moderate Yes
muscle, total
body water

DXA Total and High High High No
regional FFM,
fat mass, bone
mineral
content, and
density

Imaging (CT, Specific fat Very Very Very No
MRI) (subcutaneous, high high High

visceral) and
lean tissue
(muscle,
organ) depots
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composition measures required for the specific application, the cost of purchasing
and maintaining the body composition equipment, the technical expertise required
to operate the equipment and obtain the body composition measures, the degree
of inconvenience and invasiveness that the subject or patient is willing to endure,
the time required to obtain and analyze the body composition measures, and the
portability of the equipment. A summary of how the various body composition
methods covered in this chapter compare for these variables is provided in
Table 1.3.

In addition to outlining a number of specific body composition techniques, this
chapter has reviewed basic body composition rules and the methodological prin-
ciples that form the basis of the various body composition techniques. Because it
is necessary to establish body composition characteristics in most fields of nutri-
tion and musculoskeletal health, the concepts and ideas discussed in this chapter
will provide a background for many of the subsequent chapters in this book.
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DEFINING NUTRIGENOMICS

Nutrigenomics, which has recently been entered into Webster’s dictionary, is a term
that has far-reaching implications. It suggests that a specific diet consumed by an
individual influences his or her function in a unique way because of the informa-
tion in the food. Food is information molecules that contain a dietary signature.
Food is much more than calories and the prevention of nutrient-deficiency diseases;
it influences gene expression, proteomic function, and ultimately, metabolism.

The foundation for nutrigenomics was laid in the 1950s by investigators such as
Pauling, Williams, Watson, and Crick. These investigators pioneered what is now
being called the age of molecular medicine. Discoveries from these investigators
have led to the recognition that the “book of life” is encoded in our genes. Each of
us has a slightly different book based on the uniqueness of genetic inheritance.
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There are many story lines, and how the story unfolds and the ultimate mes-
sage delivered from it depends on the environment in which the book is read.
Within each of our genes is the potential for a healthier or less healthy lifespan,
depending on the selections we may make and how we set the environment for
the expression of our genes.

Genetic expression is the term applied to how the messages encoded in our
genes are read by our cells to shape our phenotype. What is now being recognized
is that phenotype — the functional look, feel, and capabilities of an individual —
is not determined solely by the genotype. Phenotype is determined by how the
genes are expressed in the context of metabolism. This results in what has been
termed the “triology of omics,” where genomics give rise to proteomics that give
rise to metabolomics, which, in turn, give rise to our phenotype, or phenomics.

THE NUTRITIONAL ENVIRONMENT

Over the past decade, the environment, and specifically the nutritional environ-
ment, has been recognized as a major modulator of genetic expression, pro-
teomics, and ultimately, the control of metabolism. Food is information. The field
of nutrigenomics is exploding in this area, and both basic and clinical research
have started to develop a better understanding of the relationship between the
information molecules in food and how they influence the triology of omics in the
individual.

The environment plays a larger role in phenotypic expression than was previ-
ously acknowledged. For example, as Dr. Chan discusses in Chapter 3, adult body
composition is influenced by the in utero environment. This is powerful and
encouraging information for clinicians, because while we cannot change our
genes, we can change the environment in which the genes are expressed. Carrying
a gene that encodes for high cholesterol is not a sentence for premature death by
heart disease. Rather, it indicates that this genetic uniqueness will respond differ-
ently in specific environments, in either a more harmful or a less harmful way.
Emerging data suggest that many age-related musculoskeletal conditions such as
osteoarthritis, sarcopenia, and osteoporosis may manifest as a consequence of the
expression of the genes in a specific environment.

Editor’s Note

Nutrition changes the environment, which changes gene expression. Nutrigenomics
is not an evaluation of good genes and bad genes; it teaches us how strategic nutri-
tion can create an environment that builds muscle, metabolizes fat, strengthens
bone, and repairs cartilage.
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As pointed out in a landmark article by James Fries of Stanford University
School of Medicine in 1980, “[Aging is] not a function. Aging can be defined as
an endogenous, progressive deterioration in age-specific components of fitness. It
is instead a secondary effect of the decline in the force of natural selection with
age.”1 Lifestyle and nutrition play significant roles in how the aging process is
manifested in the individual. In the 1980 article, Dr. Fries proposed that we could
compress illness into the last short period of a person’s life, and maximize their
survival and healthy function, thereby increasing their “health span” through
intervention with lifestyle, nutrition, and exercise programs.

In 1998, Vita et al. presented evidence collected from a study of 1741
University of Pennsylvania alumni over a period of 32 years that a healthy
lifestyle delivers not only increased years of life, but more importantly, improved
function2 and compressed morbidity. In an accompanying editorial, the results of
this study were summarized:

In the group with the lowest level of risk, the onset of functional disability
was postponed by about 5 years. In the group with the highest level of
risk — those who had a body mass index of 26 or higher, smoked 30
or more cigarettes per day, and got no regular vigorous exercise —
there was both an earlier onset of disability and a greater level of
cumulative disability, as well as more disability in the final year of life
for the 10% of the cohort that had died.3

Historically, most individuals have believed that we age by a genetically pre-
determined process that is beyond our control, and that age-associated diseases
are a manifestation of our genetic inheritance. Therefore, taking this as a pre-
sumption, for the past few decades medical professionals and the lay public have
believed that we could do little to prevent these associative illnesses of aging.
However, in the past 15 years, as researchers have deciphered the genome locked
into our 23 pairs of chromosomes, this deterministic model of sickness has been
replaced by a more plastic view of the genes or environment connection. Genes
are not found to be a code for specific diseases of aging; instead, they are a code
for various strengths and weaknesses in an individual’s constitution that give rise
to resistance or susceptibility factors for specific age-related diseases. Some people
get the luck of the draw and have more resistance genes to factors associated with
21st century living. Other individuals, like the Pima Indians, may have genes that
were effective for the environment in which they evolved over several million
years, but are maladapted to today’s diets, which are high in sugar, fat, alcohol,
indoor activity, and inactivity. We often say that the Pima Indians have “diabetic
genes,” when in reality, they have “warrior genes.” That is, their genes were
adapted to provide fitness for the natural environment in which they lived
throughout most of their cultural history. Only recently, within the past 100 years,
have these genes been exposed to an environment that has given rise to the
expression patterns of obesity, diabetes, and heart disease.
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In a 2002 article in Science magazine, Walter Willett from the Harvard School
of Medicine, Department of Nutrition, asserted: “Genetic and environmental fac-
tors, including diet and lifestyle, both contribute to cardiovascular disease, cancers,
and other major causes of mortality, but various lines of evidence indicate that
environmental factors are most important.”4

Following this theme, Nada Abumrad pointed out that “Nutritional support
can be tailored to the individual genotype to favor beneficial phenotypic expres-
sion or to suppress processes that lead to later pathology.”5

The important theme the environment plays in determining genetic expres-
sion resulting in disease was driven home in an article published in 2000 in The
New England Journal of Medicine describing research by the investigators at the
Karolinska Institute in Sweden, who reported on 44,788 pairs of identical twins.
This study showed that identical twins do not experience cancer at the same rate.
In fact, the study reported that “inherited genetic factors make a minor contribu-
tion to susceptibility to most types of neoplasms. This finding indicates that the
environment has the principal role in causing sporadic cancer.”6

In 1950, Roger Williams published an article in The Lancet titled, “The
Concepts of Genetotrophic Disease,” in which he advanced the bold concept that
a number of diseases whose origins were unknown at that time could be under-
stood as conditions associated not with malnutrition, but with undernutrition
based on the individual’s unique genetic needs. He postulated that diabetes, mental
disease, arthritis, and even alcoholism could be considered to have a “genetotrophic
origin.”7

In 2002, Bruce Ames, Professor Emeritus of Biochemistry from the
University of California at Berkeley, provided the 21st century substantiation of
Williams’ concepts. Ames showed, in his detailed review paper, that “as many as
one-third of mutations in a gene result in the corresponding enzyme having an
increased Michaelis constant, or Km, (decreased binding affinity) for a coenzyme,
resulting in a lower rate of reaction.” Some people carry polymorphisms that are
more critical in determining the outcome of their health histories. Ames goes on
to argue that studies have shown that administration of higher than dietary refer-
ence intake levels of cofactors (specific vitamins and minerals) to people with
these polymorphic genes restores activity to near-normal or even normal levels.
He concludes that nutritional interventions to improve health are likely to be a
major benefit of the genomics era.8 If a disease-related gene expression involves
specific genetic variations, one preventive option might be to use nutritional
agents targeted to these genetic variations.9

As pointed out by Muller and Kersten,

In the past decade, nutrition research has undergone an important shift in
focus from epidemiology and physiology to molecular biology and
genetics. This is mainly a result of three factors that have led to a
growing realization that the effects of nutrition on health and disease
cannot be understood without a profound understanding of how
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nutrients act at the molecular level … there has been a growing
recognition that micronutrients and macronutrients can be potent
dietary signals that influence the metabolic programming of cells and
have an important role in the control of homeostasis.10

NUTRIGENOMICS AND THE HEALTH CARE SYSTEM

Nutrigenomics is a concept forwarding the present-day nutrition and lifestyle
movement in medicine.4 Nutrigenomics can improve clinical outcomes for
chronic, age-related, degenerative diseases, while also reducing unnecessary
health care expenditures. “All of us should have in mind doing everything we can
for our health, not relying on medicines as the only answer. We could do more
with diet and exercise,” advises Dr. Frank Williams, Scientific Director for the
American Federation for Aging Research and a specialist in geriatrics.11

In his recent book Is It in Your Genes? Philip R. Reilly explains how genetic
medicine can change health care:

Most people think of genetic diseases as rare conditions caused by muta-
tions in a single gene that generally afflict children. This impression is
20 years out of date. It’s simply no longer accurate. Extraordinary
advances in our understanding of human genetics are changing how
physicians think about the causes of disease. Today, we know that vir-
tually all the diseases and disorders that afflict humans are influenced
by the genes with which they are born.

We have entered the era of genetic medicine. It is a new field, still in its
infancy; but over the next couple of decades, thanks to the success of
the Human Genome Project and countless other research efforts, it
will substantially change the nature of health care … As we cross that
boundary, we will enter a new world which some scientists and physi-
cians are already calling Personalized Medicine.12

Dr. Reilly concludes the book on genetic susceptibility to disease with a very
insightful and prescient view of the future:

Nutritional genetics will be a central feature of wellness programs.
Motivated individuals will adhere to diets and consume particular
nutraceuticals based on compatibility with their genetic profile. The
rapidly growing nutrition business will be based on far more credible
scientific evidence than it is today. Nutritional counseling will be
replete with genetic analysis. Much of the focus will be on using a
combination of genetic information, dietary choice, and fitness regimes
to pursue a robust wellness into the ninth decade … Knowledge of
one’s genetic profile will be crucial to a long and vigorous life. The
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concept of medicine will be broadened, and the line between drugs
and nutritional substances will be almost completely erased. In the
economically powerful nations, most of medicine will be aimed at
maximizing the chances of living vigorously until 100. Individuals
who have the resources and good sense to incorporate genetic risk
information into their lives, much as do people today who are com-
mitted to healthy diets and logical exercise regimens, will be far more
likely to reach that goal.13

Jones et al. pointed out that physicians face a complex set of challenges when
interweaving the emerging knowledge about aging and disease, environment,
genomics, and proteomics with the existing health care model.14 Physicians are
now starting to learn that the risk of disease and age-related decline in function
are unique to each patient, and the phenotype appears to be more vulnerable to
environmental pressures than to genetic influence.

The medicine that helps patients achieve genetic potential through nutrition
has been called personalized medicine. The clinician matches the patient’s history
and genetics with interventions tailored specifically for that individual, thus mod-
ulating the health of a patient and improving the realization of his or her maxi-
mum genetic potential for healthy longevity. Most clinical practices have not yet
caught up with this knowledge. For example, less than 1 in 5 of the 6712 patients
received appropriate counseling and health education in a report published in The
New England Journal of Medicine in 2003.15

In considering how nutrigenomics might influence health care delivery, it
may be important to recognize that the change is not new. In 400 B.C. Hippocrates
described the interaction of one’s constitution (the genetics and genomics of
today) and the environment. Hippocrates explained the resulting health care
system as follows:16

Wherefore I say that such constitutions as suffer quickly and strongly
from errors in diet are weaker than others that do not and that a weak
person is in a state very nearly approaching to one of disease.

And this I know, moreover, that to the human body it makes a great dif-
ference whether the bread be fine or coarse, of wheat with or without
the hull, whether mixed with much or little water, strongly wrought or
scarcely at all, baked or raw …

Whoever pays no attention to these things, or paying attention does
not comprehend them, how can we understand the diseases that
befall man?

For by every one of these things, a man is affected and changed in this
way and that, and the whole of his life is subjected to them, whether
in health, convalescence or disease.

Nothing else, then, can be more important or more necessary to know than
these things.
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In conclusion, applying nutrigenomics to clinical practice compels the
clinician to diagnose and treat underlying mechanisms. It is not enough to
intervene with a single agent that focuses on a specific risk factor. It is more
important to intervene with a diet and lifestyle that “tickles” many genes that
control the phenotype associated with lowering the risk of CVD, diabetes, stroke,
and musculoskeletal disorders. Following are the concepts that nutrigenomics
addresses.

SHARED MECHANISMS

Health care focuses on care of the sick and classifies patients into various disease-
specific categories. Nutrigenomics helps identify common molecular pathways,
such as inflammation or nutrient deficiency. Conditions as divergent as low back
strain, obesity and periodontal disease may be ameliorated by a single therapy
and treated by the same clinician.

Nutrigenomics moves clinical medicine from disease-specific niches to
common underlying disease mechanisms. One set of genetically influenced bio-
chemical pathways associated with muscle loss is inflammation. The loss of
muscle and the gain in fat has recently been associated with specific nutrigenomic
changes. These include the impact of specific nutrients on the genetic expression
of genes specific to the immune inflammatory response.

The immune system is in part divided into the thymus dependent lymphocytes
type 1 (Th1) and type 2 (Th2). Like many biochemical systems, not only the
absolute concentration but also the ratio of the two concentrations is important.
The balance between Th1 and Th2 is influenced by several genes, which individ-
ualizes response to the environment. Imbalance of the equilibrium between Th1
and Th2 results in alterations in inflammatory mediators. Increasing evidence
now suggests that any condition that increases the levels of Th1 inflammatory
cytokines can have adverse impact on protein synthesis and muscle function.17

Recent studies have shown that cytokines can directly influence skeletal muscle
contractility independent of changes in muscle protein content.

In situations in which there is an increase in inflammatory signals, production
of interleukin 1 (IL-1), IL-6, and tumor necrosis factor alpha (TNF-
) in white
cells is enhanced, as is that of nuclear factor kappa B (NF�B). NF�B has been
implicated in autoimmune disorders, inflammatory disorders, and infections. Its
production is increased as a consequence of an inflammatory event that shifts
toward the proinflammatory TH1 cytokines.18 In situations of increased expres-
sion of NF�B and downstream elaboration of proinflammatory cytokines, there is
an alteration in muscle protein metabolism and function.

Under conditions of physiological stress, there is increasing production of
proinflammatory mediators and loss of muscle, which has been called sarcopenia
(sarc — flesh, penia — loss of).19 The relationship between inflammatory medi-
ators and conditions such as obesity, sarcopenia, arthritis, and muscle loss is
shown in Figure 2.1.
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The fat cell, the adipocyte, produces the same inflammatory cytokines.
Obesity, therefore, may be viewed as a low-grade systemic inflammatory dis-
ease.20 Obese children and adults have elevated serum markers of inflammation
including high-sensitivity C-reactive protein, IL-6, TNF, and leptin. Extreme
obesity is associated with heart failure through similar immune mechanisms.21,22

Many diseases of muscle loss are thought to have not only pathophysiology,
but also shared interventions. Humoral mediators, including the TH1 cytokines,
appear to influence protein nutritional status by directly impairing the regulation
of skeletal muscle protein turnover. Extensive research is currently ongoing in an
effort to identify specific nutritive factors that can influence cytokine production
and promote regular catabolic activity on the muscle cell.

MEASURING NUTRIGENOMIC FACTORS

Loss of muscle and replacement by body fat occurs well before an individual
exhibits a significant alteration in body mass index. Measurement, therefore, has
clinical applications. While nutritional testing may involve extensive biochemical
assays and genetic testing may involve DNA probes on a patient’s extended family,
nutrigenomic testing can be inexpensive and noninvasive and is performed in the
clinic with the patient present.

FIGURE 2.1 The vicious cycle of cytokine-induced frailty. CNTF, ciliary neurotrophic
factor.
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Inexpensive and noninvasive measures would be useful to assess the patient’s
body composition and ability to build muscle. Bioimpedance assays (BIA) may
offer precisely that, as described by Dr. Janssen in the chapter on body composi-
tion. Briefly, BIA send a current through the body and measures how quickly it
returns. Since hydrophilic muscle is a conductor and hydrophobic fat - an insula-
tor, the more muscle, the more quickly the current returns. In this way BIA char-
acterize body composition. Additionally, BIA assess membrane potential at the
tissue level measured by the phase angle. Phase angle is defined as the relation-
ship between the two vector components of impedance: resistance and reactance.
The wider the phase angle the more beneficial the cellular reduction potential. As
the phase angle decreases, there is loss of electrochemical gradient and lowered
bioenergetics at the cellular level. Both percent body fat and phase angle can be
useful tools in determining the overall cell signaling process and physiological
status in the whole organism.

A number of studies looking at BIA of individuals from young to older ages
have shown a general trend toward lower fat-free mass after the age of 50 years.23

A recent study used BIA to assess body composition of 995 acutely or chronically
ill patients at hospital admission and found that the fat-free mass was significantly
lower, and fat mass significantly higher in the patients, as compared to 995
healthy age and height matched controls.24 A study comparing 131 patients on
chronic hemodialysis with 272 age and sex matched healthy controls found that
a change in phase angle was the strongest predictor of poor prognosis in the
hemodialysis patients. It seemed to be a reliable detector of clinically overt deple-
tion of lean body mass and changes in intracellular electrolyte and fluid bal-
ances.25 Another study demonstrated that patients with both overt and subclinical
thyroid disease had altered phase angle and bioimpedance values. This study sug-
gests that it may be a useful tool in the management of patients with complex
endocrine metabolic dysfunctions.26 Heber et al. at the Division of Clinical
Nutrition of UCLA School of Medicine used BIA to identify a high prevalence of
sarcopenic obesity among premenopausal women at increased risk of breast
cancer. These women had normal body height-to-weight ratios, but upon analysis
of body composition by BIA, presented increased levels of body fat and decreased
muscle.27

Another example of a nutrigenomic test is phosphorus 31 nuclear magnetic
resonance (NMR) spectroscopy. This helpful research technology does not
require muscle biopsy and can be done in real time with a person exercising the
muscle within a spectrometer to examine the effects of exercise on bioenergetics.
In a study of individuals who were suffering from disorders associated with
malnutrition and increased levels of proinflammatory cytokines, Khursheed
Jeejeebhoy and colleagues found that phosphorus 31 NMR spectroscopy was
capable of detecting bioenergetic changes in muscle.28 Phosphorus 31 NMR spec-
troscopy is used to evaluate the ATP dynamics in muscle because it can evaluate
the presence of ATP, ADP, AMP, and inorganic phosphorus, as well as phospho-
creatine in muscle.
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Hormone testing also is within the realm of nutrigenomics. Hormones
orchestrate the genetic expression to conduct the dietary symphony to build either
muscle or fat. Physical changes in aging have been considered related to sarcomere
physiology but there is evidence that some of these changes are related to decline in
hormonal activity.29 Lamberts points out in his article “The Endocrinology of
Aging,” that “Three hormonal systems show decreasing circulating hormone con-
centrations during normal aging: (i) estrogen (in menopause) and testosterone (in
andropause), (ii) dehydroepiandrosterone and its sulfate (in adrenopause), and (iii)
the growth hormone/insulin-like growth factor I axis (in somatopause). In certain cir-
cumstances hormones can be assayed noninvasively, by sampling saliva and urine.”

ACHIEVING HEALTHSPAN

The emerging genetic priority in understanding the aging process is to define the
endogenous and exogenous factors that influence the gene transcription and
proteomic expression regulating catabolic and anabolic factors. Agents that
up-regulate proinflammatory processes alter the anabolic–catabolic balance and
shift physiology into a catabolic state, with increased apoptosis occurring in post-
mitotic tissue such as brain, heart, and muscle.30

For example, there is a long-held belief that older men lose muscle principally
as a consequence of lowered protein biosynthetic capability. For that reason, most
people have felt that there is little an individual can do about that loss. Muscle loss
and fat replacement of muscle are not the result of a poor-quality diet and lack of
exercise alone. Nor are they entirely functions of aging. The shift in physiognomy
is the result of a complex interaction between cellular physiology and cellular
messengers that may induce loss of muscle function and integrity, resulting in
a reduced fat-free mass. A study by Volpi et al., described in further detail in
Dr. Short’s chapter on sarcopenia, demonstrates this concept.31 The researchers
found that net muscle protein balance was similar in young and old men.
Differences in mean muscle protein synthesis and breakdown were smaller than
expected between healthy older and younger men. The most important result is
that differences in basal muscle protein turnover between younger and older men
do not explain the muscle loss that occurs with chronologic age. Instead, other sec-
ondary factors influence the physiology of the muscle cell, which may contribute
to loss of muscle protein with age. In a companion editorial titled “Sarcopenia —
Understanding the Dynamics of Aging Muscle,” Roubenoff and Castaneda
describe this process.32 Commenting on the Volpi paper, the authors wrote:

These observations strongly suggest that sarcopenia is not due to inade-
quate basal (fasting) protein synthesis. More likely, aging muscle fails
to respond to stimuli that are anabolic to young muscle — e.g., diet
and exercise — perhaps because of hormonal or immunological
changes that occur with age and no longer favor anabolism ... Taken
together, these two studies [this and a previous study Volpi’s group]
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implicate insulin resistance or immune factors, such as catabolic
cytokines or other hormonal or immunological factors, acting primarily
in the postprandial state as an important cause of sarcopenia.33

The mechanism by which cellular mediators such as insulin, inflammatory
cytokines, NF�B, and excess production of nitric oxide induce loss of muscle
protein appears to be a consequence of uncoupling of mitochondrial oxidative
phosphorylation in the myocyte.33 Mitochondrial uncoupling proteins have been
discovered over the past several years with uncoupling protein 3 (UCP3) now
appearing to have a putative role in uncoupling of mitochondrial respiration,
thereby increasing the production of reactive oxygen species and altering the reg-
ulation of glucose metabolism in skeletal muscle.34 The inflammatory cytokines
appear to activate the expression of UCP3 and therefore increase the production
of mitochondrial oxygen species, which increases oxidative stress and altered
bioenergetics.

Altered mitochondrial oxidative phosphorylation results in declining muscle
protein synthesis, lowered energy, and lowered cognitive function. The reason is
that muscle and neurological tissue both depend on mitochondrial oxidative phos-
phorylation for the production of ATP, which is involved in the contractility of
muscle and generation of neurotransmitters.35 There is a strong correlation
between mitochondrial uncoupling and the recognition that many degenerative
diseases associated with aging are the result of lowered mitochondrial activity.36,37

Declining mitochondrial bioenergetics is a unifying concept underlying many
chronic age-related disorders associated with sarcopenic obesity and inflamma-
tion. Stimuli that trigger the release of the inflammatory mediators create a cel-
lular environment in postmitotic tissue, such as in the myocyte, cardiocyte, and
neuron, in which oxidative injury occurs, leading to degeneration and apoptosis.

PERSONALIZED MEDICINE

Nutrigenomics offers a personalized medicine, using nutrient, dietary, and
lifestyle interventions to mitigate adverse biochemical pathways. Here is an
example of a nutrigenomic intervention that allows the practitioner to restore a
muscle-building environment: Some statin medications used to treat heritably
elevated cholesterol may deplete mitochondrial enzyme function and coenzyme
Q10, which results in mitochondrial energy uncoupling, oxidative stress and sub-
sequent cell death.38,39 The use of coenzyme Q10 supplements has been suggested
to improve mitochondrial function in muscle and reduce myopathic pain in
patients who have adverse response to statins.40–43 This intervention utilizes coen-
zyme Q10 as a conditionally essential nutrient to replete a critical biomolecule
necessary for proper mitochondrial function. This is an example of personalizing
the nutrient intake for the specific gene–environment relationship of the patient.

Another application to direct patient care is the use of strategic nutrition to
enhance insulin sensitivity. The stress response prompts the adrenal glands to
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release glucocorticoids. Chronic stress results in chronic elevations in cortisol and
eventually abdominal fat and insulin resistance.38,44 The resulting visceral obesity
increases the production of inflammatory mediators such as TNF-
 and IL-6.
Patients caught in this cycle of inflammation and adiposity may need a clinician’s
help to reverse the unfavorable environment. Nutritional interventions such as
improved-quality carbohydrates, vitamin D, magnesium, and chromium, each
discussed in later chapters, can improve insulin sensitivity and, eventually,
phenotypic expression.

Hormones that deliver anabolic messages may be repleted as part of prema-
ture aging. As Dr. Teitelbaum suggests, in the chapter on fibromyalgia, laboratory
tests should be evaluated within the personalized context of the individual patient
and can be used to optimal levels within age-specific parameters.

Strategic nutrition and an exercise prescription, such as those elaborated in
later chapters, can measurably improve the early markers of disease and, eventu-
ally, phenotypic expression. Hackman and colleagues evaluated modestly over-
weight women who were placed on a medical food intervention program, along
with a regular walking regimen. After following this program for several weeks,
phosphorus 31 NMR spectroscopy revealed that the women had significantly
improved body composition, lowered body fat and increased fat-free mass (mus-
cle mass gain), as well as increased mitochondrial bioenergetics.45 The program
resulted in preservation of muscle energy function, loss of fat mass, and preser-
vation of lean muscle mass. A companion study used the same nutritional sup-
plement that is high in soy protein with phytonutrients, vitamins, and minerals in
another group of modestly overweight women. This program resulted in a reduc-
tion in blood cholesterol, increased muscle mass, and lowered body fat. This study
compared the nutritional supplement to an over-the-counter weight-loss product.
Although the two programs resulted in the same weight loss over 12 weeks, most
of the weight lost using the commercially available, over-the-counter product
came as muscle loss and not as fat loss. The nutrient-dense, phytonutrient-rich
product, in contrast, resulted not only in the loss of weight as fat, but also in a
reduction in blood cholesterol.46

Evans and his colleagues have developed an approach for managing sar-
copenic obesity through regular strength and aerobic conditioning exercise.
A controlled trial found that strength training improved functional capacity and
muscle physiology, and reduced sarcopenia in 90-year-old men.47 Physiology
research has demonstrated that properly prescribed and implemented resistance
training increases the production of anabolic hormone messengers and reduces
inflammatory mediators.

Sarcopenia is partly a consequence of mitochondrial uncoupling that results
from oxidative stress after exposure to proinflammatory mediators, such as
TNF-
, IL-6, and NF�B. Nutritional intervention using a diet augmented with
nutrients that help lower the inflammatory potential and support redox function
at the mitochondrial level may be important in managing these conditions.
Redox-active nutrients include vitamin E, selenium, lipoic acid, coenzyme Q10,
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N-acetylcysteine, and N-acetylcarnitine. Dr. Richard Weindruch, from the University
of Wisconsin, proposed that interventions based on the possibility that oxidative
stress contributes to sarcopenia may prove useful in managing patients with
inflammation-induced muscle loss.48

Sarcopenia is related to the altered functional capacity of the individual. The
symptoms in those with sarcopenic obesity are weakness, fatigue, depression,
immune hypersensitivity, and inflammation. Altered aerobic capacity, altered
immunological function, and altered hormone levels are commonly associated with
increased inflammatory signaling associated with changes in diet, activity patterns,
and lifestyle.49 Reversing dietary, activity, and lifestyle factors varies from individual
to individual. Addressing them needs to be a personalized form of medicine.

CONCLUSION

The new genomic model of personalized medicine will enable individuals to nour-
ish themselves to optimize their quality of life for years. The tools of medicine will
include food-derived substances, as well as exercise prescriptions that modulate
genetic expression and promote proper function. As new inexpensive laboratory
tests to assess genetic predispositions and physiological function become avail-
able, a personalized form of medicine will become a reality. The doctors of the
21st century will need to understand how to assess patients’ genotypes and per-
sonalize treatment for their individual needs. They will also need to know how to
help patients improve their lifestyles and environments to minimize the risks of
age-related chronic diseases and achieve their genetic potential through nutrition.
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INTRODUCTION

The in utero environment is crucial for normal fetal development. Derangements
in intrauterine nutrient provision due to maternal, placental, and fetal factors
may alter fetal growth and development. Furthermore, the intrauterine environ-
ment may alter programming for gene expression predisposing growth dis-
crepant individuals to adult onset chronic diseases. This chapter reviews normal
fetal growth, alterations in body composition, and fetal growth discrepancies
and its consequences. In addition, this chapter provides information on nutri-
tional requirements for neonates and infants and on the methods of delivering
nutrients during the immediate postnatal period for both term and preterm
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infants. Last, this chapter reviews the various types of infant feedings that are
available for neonates.

Editor’s Note

The nutritional environment interprets an individual’s genetic code, beginning in
the womb. Premature birth, in utero toxin exposure, maternal insulin resistance,
in utero exposure to famine, and bottle feeding vs. breast feeding have been
shown to influence musculoskeletal health into adulthood. In this age of the
genome, it is easy to mistake “nurture” for “nature.” The crucial role of nutrition
begins before conception.

FETAL GROWTH AND ALTERATIONS
IN BODY COMPOSITION

After conception, the embryo undergoes rapid growth during embryonic and fetal
life. Embryonic and early fetal periods are critical for tissue growth and organo-
genesis. It is thought that during these periods, the fetus grows via increasing its
cell number rather than its cell size. Later in fetal life, the fetus achieves growth
via increasing both cell number and cell size. This phase of growth continues, in
an organ system specific manner, throughout infancy and adolescence with
increases in both cell number and cell size. It is not until adulthood that the final
stage of growth is reached, with a sole increase in cell size.

The absolute growth rate of the fetus, both in weight and in length, further
accelerates during the last trimester of pregnancy. It has been reported that the
average fetal weight increases from 45 g at 12 weeks of gestation to 820 g at
24 weeks of gestation, and up to 2900 g at 36 weeks of gestation. The growth in
fetal length as measured by fetal crown–rump length is equally dramatic. The fetal
crown–rump length increases from 87 mm at 12 weeks of gestation to 230 mm at
24 weeks of gestation, and finally to 340 mm at 36 weeks of gestation.1

The rapid fetal growth phase brings along changes in fetal body composition.
In 1976 Ziegler reported that the human fetus, at early third trimester, has up to
89% of its body weight as water, mostly extracellular water. However, with fetal
growth, the body water content, especially the extracellular water content,
decreases, and the total body protein and fat increase. The accumulation of body
fat is slow until the third trimester, when rapid accumulation occurs. The fetal
body mineral contents also change with the decrease in fetal body water, especially
extracellular water, and increase in intracellular water content. The fetal sodium
and chloride contents decline with the decline in extracellular water. Coincident
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with the increase in intracellular water, the fetal potassium content increases.
Accumulation of minerals important to skeletal development, such as calcium,
phosphorus, and magnesium, increases dramatically with growth of the fetal
skeletal mass during the third trimester.2,3 In fact, fetal serum concentrations of
these minerals exceed the maternal serum levels, and it is believed that the fetal
accretion occurs via active placental transport systems against concentration gra-
dients.4,5 The fetus acquires two thirds of its final calcium stores during the third
trimester by increasing its daily calcium accretion rate, from approximately
50 mg at midgestation to 330 mg at 35 weeks gestation. The average daily accretion
rate of calcium during this period is 200 mg.6

REFERENCE FETAL GROWTH CURVES

Since the 1960s, fetal growth curves had been derived from regional, ethnic, and
racial specific data. Some of these fetal growth curves are still widely used by
obstetricians and pediatricians for the assessment of fetal growth.7–10 However,
they had been criticized for their geographically, ethnically, and racially derived
data, which may not be reflective of the population norms for all live-born infants
across the United States. In 1996, a national reference for fetal growth was reported
utilizing 1991 live-birth records from the National Center for Health Statistics for
all single live births to resident mothers of the United States. Figure 3.1 contains
the average birth-weight curves for each completed week of gestation, derived
from 1991 birth records of over 3.5 million single live births across ethnic and
racial backgrounds, and geographic locations in the United States.11 The American
Academy of Pediatrics recommends that growth standards for premature infants
should reflect growth and composition of weight gain of a fetus of the same
gestational age.12

DEFINITION OF FETAL GROWTH DISCREPANCIES

The assessment of inappropriate fetal growth varies with definitions and refer-
ences. Some may define fetal growth restriction or fetal overgrowth by a set cut-
off reference weight irrespective of population norms and gestational age of the
fetus. For example, birth weight of less than 2500 g had been defined as low birth
weight. However, a newborn with a birth weight of less than 2500 g may be
appropriate for his/her gestational age. Newborns from different ethic or racial
background, from various geographic locations may have different population
references, due to genetic growth potentials. Thus, fetal growth discrepancies are
more appropriately defined by birth weights above or below two standard devia-
tions of the population references at specific gestational ages. Figure 3.1 contains
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the reference birth weights of the 1991 United States national data from 20 to 44
weeks of gestation.11

ABERRANT FETAL GROWTH AND THEIR CONSEQUENCES

Maternal, placental, and fetal factors are well known to affect fetal growth. These
include disturbances in maternal metabolism, prepregnancy and pregnancy mal-
nutrition, poor maternal adaptation to pregnancy, and medical conditions that
affect nutrient delivery to the fetus via the placenta. Maternal medical conditions
that reduce placental blood flow and oxygen supply, such as maternal hyperten-
sion, cyanotic heart disease, renal insufficiency, or vasculopathies, impact fetal
growth by decreasing placental nutrient delivery. Placental factors also affect fetal
nutrient delivery and fetal growth. Placentas that are small, malimplanted, and
those with reduced placental uterine interface surface area or with structural
abnormalities may not be able to support fetal nutrient demand. This is particu-
larly apparent during late gestation when fetal growth and nutrient demands are
at their highest. Fetal factors, such as chromosomal abnormalities, intrauterine
infections, and exposures to toxins, also may manifest as impaired fetal growth.
Environmental factors, such as high altitude, may impact fetal growth. Last,
social factors, such as low socioeconomic status, poor education, and maternal
age, may have adverse effects on fetal size.13

Intrauterine nutritional deprivation results in growth-retarded infants by their
birth anthropometric measures for their gestation. Such infants are classified as
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FIGURE 3.1 Smoothed percentiles of birth weight for gestational age. (From Alexander,
G.R., Himes, J.H., Kaufman, R.B., Mor, J., and Kogan, M., Obstet. Gynecol., 87, 163–168,
1996.)

DK6006_C003.qxd  11/11/2005  2:47 PM  Page 46



“small” for gestational age or considered to have intrauterine growth retardation
(IUGR). Short-term consequences of IUGR include perinatal hypoglycemia,
increased risk of infections due to impaired immunity, higher rate of mortality,
impaired postnatal growth, and delayed intellectual development. The long-term
impact of IUGR is currently an active area of medical epidemiologic research.

Retrospective cohort studies from individuals conceived and born before,
during, and after the Dutch Hunger Winter of 1944 to 1945 provided insights on
effects of severe maternal malnutrition and demonstrated the lasting impact of
in utero undernutrition. An extreme food shortage occurred for 5 months. Food was
rationed to less than 1000 cal per capita per day for the general population over
21 years of age in the western Netherlands. The famine-exposed pregnant women
experienced weight loss or poor weight gain over the course of their pregnancy.
Poor maternal nutrition adversely affected the offspring, as reflected by their birth
anthropometric parameters. The impact of severe undernutrition was noted to be
trimester specific for both maternal weight gain and offspring birth size. Famine-
exposed women during the third trimester experienced weight loss or poor preg-
nancy weight gain and their offspring were significantly lighter. In contrast, women
with famine exposure limited to the first trimester had greater final weight gain and
their offspring were as heavy as offspring of mothers without famine exposure.14–17

Trimester-specific long-term health consequences were identified in the pre-
natal famine-exposed Dutch population. Individuals who were small at birth were
noted to have higher blood pressures.18 Their glucose tolerance was reduced as
adults, especially for those with late-gestation famine exposure, indicating that
there may be permanent alterations in their insulin–glucose metabolism.19 Their
lipid profiles were more atherogenic with significantly higher LDL–HDL choles-
terol ratios for those with early-gestation famine exposure.20 Men with early-
gestation famine exposure had a higher rate of obesity as young adults, while
middle-aged women with early-gestation famine exposure had a higher body
mass index and waist circumference.21,22 The prevalence of coronary heart disease
was notably higher in those individuals with first-trimester famine exposure,
especially those with lower birth weights.23 Last, although a direct relationship
between adult mortality rate and famine exposure was not demonstrated, an
increase in adult mortality rate is implied because of the link between prenatal
famine exposure and increase prevalence of cardiovascular disease risk factors.24

In the late 1980s, Barker et al. reported a link between low birth weight and
increased risk of cardiovascular disease in the British population and proposed
the “fetal and infant origins of disease.”25,26 More recently, epidemiological studies
from across the world also reported associations between low birth weight and
onset of cardiovascular disease and its risk factors, including obesity, hyperten-
sion, adult onset (Type II) diabetes, and hypercholesterolemia.25–35 Additional
studies revealed that individuals at the greatest risk for development of cardio-
vascular disease are those who were IUGR at birth and demonstrated catch-up
growth during infancy and childhood.26,34,36 Therefore, Barker et al. postulated
that in utero undernutrition during critical periods of fetal and infant development
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permanently changed the body structure and metabolism, leading to altered
programming of gene expression and resulting in the appearance of diseases in
adulthood.37

Infants who are large for gestation, as a result of in utero oversupply of nutri-
ents, as in the case of maternal diabetes, carry both short- and long-term conse-
quences as well. Fetal overgrowth is the product of exposure to relatively high
maternal levels of glucose, amino acids, and fatty acids. Fetal hyperinsulinism, as
a result of fetal hyperglycemia, also leads to an increased accumulation of fetal
fat and glycogen stores.

The known fetal complications of maternal diabetes, such as macrosomia,
polycythemia, hyperbilirubinemia, and hypertrophic cardiomyopathy, are related
to fetal hyperinsulinism in response to hyperglycemia. Insulin, being a potent
fetal growth factor, causes overgrowth of somatic and visceral organs. The hypo-
glycemia and electrolyte disturbances observed in the early postnatal period
reflect poor adaptation to the extrauterine environment. Furthermore, maternal
pregestational diabetes and poor glycemic control at conception have teratogenic
effects on the fetus during embryogenesis. Major congenital malformations in
infants of diabetic mothers are two to four times more frequent than in the gen-
eral population, and account for 50% of perinatal deaths.38–40 Reductions in peri-
natal complications, including the frequency of congenital anomalies, have been
reported with tight maternal pregestational and gestational glycemic control.41–43

Long-term complications of infants of diabetic mothers include the propensity
for childhood and adolescent obesity and Type II diabetes.44–49

NUTRITIONAL REQUIREMENTS
FOR NEONATES AND INFANTS

Methods to estimate the nutritional requirements of neonates include: the com-
position and intake of human milk,50,52 the growth rates and nutrient accretion
rates of the fetus,2,53 and the net uptake of nutrients by the umbilical circulation.54

Other methods are nutrient balance studies,2,55,56 infusion of stable isotopes,51,57

and the determination of optimal intake that prevents nutritional deficiency and
allows for favorable growth and developmental outcome.58 Nutritional require-
ments in neonates are known to vary according to the birth weight and gestational
age of the infant, the method of feeding (enteral vs. parenteral), and the metabolic
alterations caused by some illnesses and their therapies. Compared to full-term
infants, premature infants have greater nutritional requirements primarily because
of their faster growth rates and their physiological immaturity. Parenteral nutritional
requirements differ from enteral nutritional requirements because of differences in
absorption, bioavailability, and obligatory losses. Nutritional requirements may
also vary according to the type and severity of illness due to changes in metabolic
demand. Table 3.1 provides the daily nutritional requirements for neonates,
emphasizing differences based on gestational age (term and preterm infants), the
route of administration (parenteral vs. enteral), and the specific disease process.
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TABLE 3.1
Nutritional requirements for infants

Premature Full term

Enteral Parenteral Enteral Parenteral

Water (ml/kg/d)a 150–200 120–150 120–150 100–120
Energy (kcal/kg/d)b 110–130 90–100 100–120 80–90
Protein (g/kg/d)c 3–3.8 2.5–3.5 2–2.5 2–2.5
Carbohydrates (g/kg/d) 8–12 10–15 8–12 10–15
Fat (g/kg/d) 3–4 2–3.5 3–4 2–4
Sodium (mEq/kg/d) 2–4 2–3.5 2–3 2–3
Chloride (mEq/kg/d) 2–4 2–3.5 2–3 2–3
Potassium (mEq/kg/d) 2–3 2–3 2–3 2–3
Calcium (mg/kg/d)d 210–250 60–90 130 60–80
Phosphorus (mg/kg/d)d 112–125 40–70 45 40–45
Magnesium (mg/kg/d) 8–15 4–7 7 5–7
Iron (mg/kg/d)e 1–2 0.1–0.2 1–2 0.1–0.2
Vitamin A (IU/d)f 700–1500 700–1500 1250 2300
Vitamin D (IU/d) 400 120–260 300 400
Vitamin E (IU/d)g 6–12 2–4 5–10 7
Vitamin K (mg/d) 0.05 0.06–0.1 0.05 0.2
Vitamin C (mg/d) 20–60 35–50 30–50 80
Vitamin B1 (mg/d) 0.2–0.7 0.3–0.8 0.3 1.2
Vitamin B2 (mg/d) 0.3–0.8 0.4–0.9 0.4 1.4
Vitamin B6 (mg/d) 0.3–0.7 0.3–0.7 0.3 1
Vitamin B12 (µg/d) 0.3–0.7 0.3–0.7 0.3 1
Niacin (mg/d) 5–12 5–12 5 17
Folate (�g/d)h 50 40–90 25–50 140
Biotin (�g/d) 6–20 6–13 10 20
Zinc (�g/kg/d)i 800–1000 400 830 250
Copper (�g/kg/d)i,j 100–150 20 75 20
Manganese (�g/kg/d)j 10–20 1 0.75–7.5 1
Selenium (�g/kg/d)k 1.3–3 1.5–2 1.6 2
Chromium (�g/kg/d) 2–4 0.2 2 0.2
Molybdenum (�g/kg/d) 2–3 0.25 2 0.25
Iodine (�g/kg/d) 4 1 7 1

aHigher fluid requirement may be needed in the immediate postnatal period, especially for the
extremely low birth weight infants.
bAdjust according to weight gain and stress factors.
cRequirements increase with increasing degree of prematurity.
dInadequate amount in total parenteral nutrition solutions due to risk of precipitation.
eInitiate between 2 weeks and 2 months of age. Delay initiation in premature infants with progressive
retinopathy.
fSupplementation might reduce incidence of bronchopulmonary dysplasia.
gSupplementation might reduce severity of retinopathy of prematurity.
hNot present in oral multivitamin supplement.
iIncreased requirements in patients with excessive ileostomy drainage or chronic diarrhea.
jRemoved from TPN solutions in patients with cholestatic liver disease.
kNot present in standard trace element solution for neonates.
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After birth, the fastest body growth rate is achieved during early infancy.
Consequently, the serial monitoring of postnatal growth parameters is commonly the
fastest used to assess the adequacy of nutritional intake in neonates. Contemporary
postnatal growth curves have been recently published for term infants,59 preterm
infants, and those preterm infants with major medical morbidities.60

NUTRITION DURING THE IMMEDIATE
POSTNATAL PERIOD

Nutritional care of neonates starts soon after birth. The goals for nutrition support
during the immediate postnatal period are maintenance of fluid status, glucose
homeostasis, nitrogen balance, and normalization of serum electrolyte and
mineral concentrations.

The neonate, especially the very low birth weight neonate, lacks appreciable
nutrient stores and has limited capacity to tolerate prolonged starvation. The time
that a neonate can tolerate starvation may be inversely related to the degree of
prematurity.61 The severity of medical illness and the extent of malnutrition may
further limit the neonate’s ability to tolerate starvation. Given the extent of meta-
bolic stress in the face of limited nutrient reserves in these sick neonates, it is cru-
cial to initiate intravenous fluids containing dextrose immediately after birth and
parenteral or enteral nutrition support within 24 to 36 h after birth.62–64 While a
significant number of sick infants rely solely on parenteral nutrition during the
first weeks of postnatal life, enteral feeding remains the preferred method of
nutrition support and therefore, should be initiated as soon as possible.

ENTERAL NUTRITION

While parenteral nutrition is routinely used for initial nutrition support of ill term
and preterm neonates, attempts should be made to begin enteral feedings as soon
as the gastrointestinal tract is functional. Advantages of enteral feeding over par-
enteral nutrition include physiologic stimulation and preserved integrity of the
gastrointestinal mucosa, reduced rate of complications related to parenteral nutri-
tion, and lower cost. Prior to the initiation of enteral feedings, the critically ill
infant should be evaluated for signs that suggest readiness for enteral feedings.65

These include the absence of abdominal distention, previous passage of meco-
nium stools, and presence of active bowel sounds.

MINIMAL VOLUME TROPHIC ENTERAL FEEDINGS

While the ill term and preterm, especially those extremely preterm, infants are
essentially dependent on parenteral nutrition for the first few days to weeks of
life, the administration of minimal enteral feeding has gained wide acceptance
for the nutritional management of these infants. These trophic feedings are
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intended to “prime” the gastrointestinal tract prior to the initiation of more
substantial enteral nutrition. Intraluminal nutrients appear to stimulate the
development of gastrointestinal mucosa, induce maturation of intestinal motor
activity,66–69 and increase secretion of regulatory peptides and hormones.70–73

Several controlled studies of infants with birth weights less than 1500 g have
uniformly documented that the administration of minimal enteral feedings of
2.5 to 20 ml per kg per day result in shorter time to attain full enteral nutrition
and a lower incidence of feeding intolerance.66,72,74–76 Other reported benefits
of trophic feedings include lower incidence of cholestasis, lower levels of serum
bilirubin and alkaline phosphatase,74 shorter length of hospitalization,66 increased
calcium and phosphorus retention,77 shorter intestinal transit time,77 and improved
weight gain.76

COMPOSITION OF ENTERAL FEEDINGS

Table 3.2 outlines the feedings commonly given to full-term and preterm
neonates. The table describes the composition of various types of infant feedings,
the clinical indications for their use, and the guidelines for the use of nutritional
supplements.

Human milk is the preferred feeding for term and preterm infants despite
reports of slower rate of weight gain during early infancy in breast-fed
infants.50,78,79 Breast-feeding has numerous benefits to both the infant and the
mother because of its unique species-specific nutrient composition, increased
bioavailability of nutrients, immunological properties, the promotion of maternal–
infant attachment, and the presence of hormones, enzymes, and growth factors.80,81

Breast milk may have a protective role against diabetes mellitus, especially in
genetically susceptible individuals.49,82–87 Breast milk may also reduce the risk of
adult cardiovascular disease.88–93 Despite the aforementioned benefits, there exist
a few contraindications to breast-feeding. Breast-feeding is not recommended for
infants with galactosemia, mothers infected with viruses, such as human immun-
odeficiency virus and human T-cell lymphotropic virus, and mothers receiving
certain chemotherapeutic agents.81

Human milk is a highly variable product and its composition is altered by fac-
tors that include maternal diet, maternal age, maternal nutritional status, stage of
lactation, gestational age of the infant, the infant’s demand for milk, and time of
the day. Table 3.3 outlines the general variations in human milk composition for
selected nutrients. It remains controversial whether nutritional supplements,
notably vitamin D, fluoride, and iron, should be routinely provided to healthy,
breast-fed babies younger than 6 months of age.80,81

The mother’s own preterm human milk is the preferred feed for premature
infants. Studies have reported that preterm human milk has a higher concentra-
tion of calories, protein, sodium, chloride, and a lower concentration of lactose,
when compared to mature human milk.94,95 These compositional differences,
which persist for the first 2 to 4 weeks of lactation, are regarded as nutritionally
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TABLE 3.2
Types of infant feedings

Feedings Indications Special Comments Supplements
composition

Mature human
milk

Standard infant
formulas
Similac,
Similac
Advance1,
Enfamil,
Enfamil Lipil1,
Gerber,
Carnation2,
PM 60:402,
and Lactofree3

Preterm human
milk

Premature infant
formulas
Similac Special
Care4,
Similac Special
Care Advance5,
Enfamil
Premature6,
and Enfamil
Premature
Lipil7

Full-term infants
with intact GI
function

Full-term infants
with intact GI
function

Premature infants
(�37 weeks 
gestation)

Premature infants
(�37 weeks 
gestation)

High nutrient
bioavailability;
immune
factors;
hormones;
growth factors;
and low
osmolality

Cow’s milk
protein: casein
or whey
predominant;
lactose-only
carbohydrate
except3; fat
blend with
predominance
of LCT; long-
chain polyun-
saturated
fatty acid
added(1); and
low renal
solute load(2)

Higher protein,
calories, NaCl
compared to
mature human
milk; immune
factors; growth
factors;
hormones; low
osmolality

Whey 
predominant
protein; 50% 
lactose load;
40– 50% fat as
MCT; high
concentration
of minerals and
vitamins;
available at 20
or 24 kcal/oz.;
available with
and without

Preferred
feeding; model
for
composition of
formulas;
psychological
benefits; and
low cost

Alternative to
human milk,
promotes
adequate
growth;
commonly
used for
neonates with
cardiac or renal
disease2 or
lactose
intolerance3

Preferred feeding;
special
compositional
differences
persist during
first month of
lactation;
psychological
benefits

Alternative to
preterm human
milk; enhanced
digestion and
nutrient
absorption by
premature
infants; preterm
discharge
formulas
recommended
prior to hospital
discharge

Vitamin D
200 IU/d; iron
1 mg/kg/d
(preferably
from iron-
fortified foods,
starting at 4–6
months of age)

Fe 2 mg/kg/d if
formula is not
Fe fortified

Liquid fortifier
1:1 ml; powder
fortifier, 1
packet/25 ml;
Poly-Vi-Sol
0.5 ml/d; Fe 2
mg/kg/d by 1
months of age

2 mg/kg/d of Fe
by age 2 weeks
if formula is
not Fe
fortified;
Poly-Vi-Sol
0.5–1 ml/d
when intake
�170 ml/d(4,5),
�151 ml/d(6,7)
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TABLE 3.2
Continued

Feedings Indications Special Comments Supplements
composition

Preterm discharge
formulas
Neosure,
Nosure
Advance *8,
Enfacare, and
Enfacare Lipil
*8

Soy based 
formulas
Isomil, Isomil
Advance *9,
Prosobee,
Prosobee Lipil
*9, and Nursoy

Protein-
hydrolysate
formulas
Pregestimil,
Alimentum,
Nutramigen,
and Portagen
*10

Premature infants
weighing
�1500g after
discharge from
hospital or
�40 weeks of
postconceptual
age

Full-term infants
with milk
protein or
lactose
intolerance

Full-term infants
cow’s milk
allergy; lactose
intolerance;
and
malabsorptive
syndromes

Fe fortification;
long-chain
polyunsatu-
rated fatty
acids added
(*5, *7)

22 cal/oz.;
available with
Fe fortification;
higher Ca and
P contents;
long-chain
polyunsatu-
rated fatty
acids added
(*8)

Soy protein with
methionine;
lactose free;
high phytate;
Fe fortified;
long-chain
polyunsaturated
fatty acids
added (*9)

Protein
hydrolysates;
variable
carbohydrates,
and fat
sources; easily
absorbed; Fe
fortified; high
osmolality;
very high MCT
content and
low osmolality
(*10)

Provide nutrient
and mineral
contents
between prema-
ture and stan-
dard formulas;
recommended
use up to
1 year of age;
greater linear
growth, weight
gain, and bone
mineralization
compared to
standard
formulas

Amino acid 
content not
appropriate for
preterm
infants; phytate
binds to Ca
and P

Dilute for initial
use; does not
meet protein,
Ca, P, and
vitamin
requirements of
premature
infants; essen-
tial fatty acid
deficiency may
occur in infants
with chronic
diarrhea (*10)

Fluoride
0.25 mg/d
depending on
water supply,
after 6 months
of age

Poly-Vi-Sol
0.5 ml/d and
Ca and P
supplements
for premature
infants

Note: GI, gastrointestinal; LCT, long-chain triglyceride; Fe, iron; NaCl, sodium chloride; MCT,
medium-chain triglyceride; Ca, calcium; P, phosphorus.
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TABLE 3.3
Variations in human milk composition

Composition of Gestation During a feeding Diurnal Stage of lactation Maternal nutritional status
selected nutrients

Preterm Mature Foremilk Hindmilk Early Late Colostrum Mature Malnourished Well
(A.M.) (P.M.) (1–5 d) (�30 d) nourished

Lactose ↓ ↑ ↑ ↓ ↓ ↑ ↓ ↑ ↔ ↔
Protein ↑ ↓ ↓ ↑ ↓ ↑ ↑ ↓ ↔ ↔
Fat ↑ ↓ ↓ ↑ ↓ ↑ ↓ ↑ ↔ ↔
Energy ↑ ↓ ↓ ↑ ↓ ↑ ↓ ↑ ↔ ↔
Volume ↔ ↔ — — ↓ ↑ ↓ ↑ ↓ ↑
Water-soluble vitamins ≈ ≈ — — — — ↓ ↑ ↓ ↑
Fat-soluble vitamins ≈ ≈ — — — — ↑ ↓ ↓ ↑
Calcium/phosphorus ↔ ↔ — — — — ↔ ↔ ↔ ↔
Iron ↑ ↓ — — — — ↑ ↓ ↔ ↔
Sodium ↑ ↓ — — — — ↑ ↓ ↔ ↔
Potassium ↔ ↔ — — — — ↑ ↓ ↔ ↔

Note: ↑, Higher; ↓, lower; ↔, same; and ≈, variable.

Source: Modified from Groh-Wargo, S. et al., Nutritional Care for High-Risk Newborns, 3rd ed.
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beneficial for premature infants. Despite these differences, some studies suggest
that preterm human milk does not consistently meet the premature infant’s needs
for protein, calcium, phosphorus, sodium, iron, copper, zinc, and some vita-
mins.96–99 Therefore, supplementation of human milk with a powder or liquid for-
tifier is recommended after feedings have been well established and the human
milk has matured. Fortification of human milk has been shown to improve
growth, protein status, and bone mineralization in preterm infants.96–104 Table 3.4
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TABLE 3.4
Comparison of commercially available human milk fortifiers

Similac human milk Enfamil human milk Similac natural
fortifier (SHMF)a fortifier (EHMF)b carea

Macronutrient
composition

Energy
Calcium/phosphorus

Fat-soluble vitamins

Mixing

Maximum caloric
density

Estimated osmolality
(mOsm/kg H2O)c

Packaging

Corn syrup solids,
nonfat milk, whey
protein concentrate,
and MCT

3.5 kcal/pkt
Calcium phosphate

tribasic, calcium
carbonate (contains
higher amounts of
calcium, but no
hypercalcemia has
been reported)

Adequate levels

1 pkt/25 ml to human
milk for 24
kcal/oz., 1pkt/50 ml
to human milk for
22 kcal/oz.

24 kcal/oz.

385 for 24 kcal/oz.,
343 for 22 kcal/oz.

Unit dose packets

Corn syrup solids,
whey protein
hydrolysate, milk
protein isolate,
MCT, and 
soybean oil

3.5 kcal/pkt
Calcium phosphate,

calcium gluconate,
and calcium 
glycerophosphate
(hypercalcemia has
been reported in
infants �1000 g)

Adequate levels
(monitor vitamin A
and D levels if
more than 16–20
packets/d are used)

1 pkt/25 ml to human
milk for 24
kcal/oz., 1 pkt/50
ml to human for 22
kcal/oz.

24 kcal/oz.

330 for 24 kcal/oz.,
310 for 22 kcal/oz.

Unit dose packets

Corn syrup solids,
lactose, nonfat
milk, whey protein
concentrate,
MCT, soy, and
coconut oil

24 kcal/oz.
Calcium phosphate

and calcium 
carbonate

Adequate levels

23 kcal/oz. added to
human milk at 3:1
ratio, 22 kcal/oz. at
1:1 ratio

24 kcal/oz. when 
substituted for
human milk

288 for 23 kcal/oz.,
285 for 22 kcal/oz.

4 oz. bottles

aRoss Pediatric Nutritional Products Guide, Ross Products Division, Columbus, OH, March 2003.
bMead Johnson Pediatric Products Handbook, Mead Johnson Nutritionals, Evansville, IN, 2004.
cEstimated osmolality using mature preterm human milk.

Source: Modified from Groh-Wargo, S. et al., Nutritional Care for High-Risk Newborns, 3rd ed.
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presents the composition of the three commercially available human milk
fortifiers.

When human milk is not available, standard infant formulas are appropriate
for enteral feedings in infants with intact gastrointestinal function. Human breast
milk has been the “gold standard” and a guide for the establishment of minimum
and maximum levels for selected nutrients in infant formulas.105 In 1976, the
American Academy of Pediatrics established standards for the composition of
infant formulas to ensure optimal growth during early infancy.106 Most recently,
the addition of very-long-chain polyunsaturated fatty acids to infant formulas was
shown to improve growth, development, and visual acuity in infants, especially in
premature infants.

The products described in this chapter as standard infant formulas are pre-
pared from modified cow’s milk. Within this group there are three infant formu-
las with special compositions. Two have lower mineral and electrolyte content,
which may be suitable for full-term infants with cardiac or renal disease, and one
is prepared without lactose for infants with lactose intolerance. Multivitamin
supplementation is unnecessary with the use of standard formulas, unless the
infant has increased requirements or receives an inadequate volume of formula.
Iron supplementation is also unnecessary if iron-fortified preparations are
used. Fluoride supplementation is currently recommended for infants older than
6 months who are receiving infant formulas prepared with water fluoridated at
suboptimal levels.107

Soy-based formulas are lactose free and contain soy-protein isolates instead of
cow’s milk protein. Soy-based formulas should be used only in infants who
are intolerant of lactose and those with IgE-mediated allergy to cow’s milk. Soy-
based preparations have lower concentrations of essential amino acids and contain
phytates, which decrease intestinal absorption of calcium and phosphorus.108,109

Protein hydrolysate formulas are indicated for infants who are unable to fully
absorb the macronutrients contained in standard formulas. This type of infant for-
mula is preferred for infants with significant malabsorption due to intestinal or
hepatobiliary disease or for those with intolerance to cow’s milk and soy proteins.
These preparations contain protein in the form of casein or whey hydrolysates,
fats with a predominance of medium-chain triglycerides, and multiple sources of
carbohydrate, including glucose polymers, dextrose, and modified starches.
These formulas may not meet the premature infant’s requirements for protein,
calcium, phosphorus, sodium, and some fat-soluble vitamins. Disadvantages
of the protein hydrolysate formulas include poor taste, greater cost, and high
osmolality.

In the absence of human milk, premature infant formula is the most appro-
priate substitute for preterm infants. In comparison to formulas intended for
full-term infants, premature infant formulas provide a higher concentration of
whey-predominant protein, a reduced lactose load, a blend of medium-chain
triglycerides, and a higher concentration of minerals, vitamins, and trace ele-
ments. Premature infant formulas are also available in higher caloric densities
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with larger amount of protein to promote positive nitrogen retention and more
rapid weight gain.110–114 Multivitamin and folic acid supplementation may be nec-
essary, depending on the daily volume of formula ingested by the infant and the
individual nutritional status (see Table 3.3).

Preterm discharge formulas are recommended for preterm infants with birth
weight less than 1500 g from the time of nursery discharge to the age of 1 year.
These products are also indicated for premature infants who remain hospitalized
beyond 40 weeks of postconceptual age. The composition of these formulas
includes a calorie density of 22 cal per 30 ml and a nutrient and mineral concen-
tration that is between the preterm and the term formulas. Recent studies have
shown that the use of these formulas, as compared to full-term formulas, provide
greater linear growth, weight gain, and bone mineralization.115–118
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Low-fat diets have been promoted since the late 1950s. The premise was that fat,
especially saturated fat and cholesterol, is harmful. Today, science has demon-
strated that fat contains fat-soluble vitamins and certain fats are themselves
vitamins adequate dietary intake of which is essential to health.

The total amount of fat in the American diet, and most other Western diets,
remains more or less unchanged. Americans consume more calories today than
they did in the 1950s; the ratio of fat to other macronutrients has decreased
slightly. The health effects of dietary fat in the past half-century do not lie in the
quantity of fat consumed, but in the historically unprecedented shift in the type
of fat. This chapter will review the classification of fat, important considerations
in food preparation and fat selection for optimizing musculoskeletal health.1,2

This text refers to dietary fat in the singular when referring to fat as a
macronutrient and the plural is used when referring to unique functions of
various fats. The term “lipid” is mentioned in discussions of biochemistry and
“adipose” refers to human fat tissue.

OVERVIEW OF LIPID BIOCHEMISTRY

Dietary fat is converted into triglycerides, which are used primarily for energy;
phospholipids, which have primarily structural roles; and steroids such as

Fat
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prostaglandins and cholesterol. An overview of fat metabolism is shown in
Figure 4.1. Figure 4.1 additionally demonstrates that dietary carbohydrate and
protein can also be used to synthesize lipids. Therefore, limiting dietary fat intake
does not necessarily limit triglyceride synthesis. In fact, increasing dietary fat
and lowering carbohydrate is a recommended dietary intervention to reduce
triglycerides.3

Triglycerides are composed of three fatty acids attached to a glycerol
backbone. Phospholipids contain two fatty acids. Fats are generally classified
according to free fatty acids in several ways: (1) classes with subclasses, (2) fam-
ilies, (3) geometric conformation, and (4) dependence on dietary sources. Each
definition highlights certain lipid characteristics, which have direct clinical
applications.

1. Fatty acid classes are saturated, monounsaturated, and polyunsatu-
rated fats. The term “saturated” refers to the carbons being saturated
with hydrogen. In other words, there are no double bonds. Saturated
fatty acids are subclassified by carbon chain length as short, medium,
and long. “Unsaturated” means that at least one carbon–carbon
double bond is present.

2. Unsaturated fats are classified into families, based on the location of
the first double bond along the carbon backbone. Further biochemical
processing of the fatty acid occurs at the double bond(s), so fats of the
same family are processed in a similar manner. The descriptor
“omega” is used to identify the first double bond when counting from
the methyl (tail) end of the fatty acid, the portion that does not attach
to glycerol. When the first double bond is after the third carbon, the
fatty acid is placed into the omega-3 family, also symbolized as n-3

68 Scientific Evidence for Musculoskeletal, Bariatric, and Sports Nutrition

FIGURE 4.1 Overview of dietary fat and its metabolic pathways.
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and -3. The metabolic pathways for two polyunsaturated fats,
omega-3 and omega-6, are presented in Figure 4.2 and Figure 4.3,
respectively. The omega-3 pathway begins with 
-linolenic acid, a
polyunsaturated fat with 18 carbons and 3 double bonds. The omega-6
pathway begins with linoleic acid, a polyunsaturated fat with 18 car-
bons and 2 double bonds. The placement and number of double bonds
determines the molecule and its metabolism.

3. Another important aspect of the double bond involves its geometry.
The naturally occurring monounsaturated and polyunsaturated bonds
are cis double bonds with the hydrogens that belong to the double
bond on the same side of the molecule. The cis geometry creates a
U-shaped bend in the molecule. The U-shaped bend can be observed
in the fatty acids depicted in Figure 4.2 and Figure 4.3. In the trans
geometry the hydrogen molecules of the double bond are on opposite
sides. The trans geometry does not create the U-shaped bend in the
fatty acid. It straightens the fatty acid, making a shape similar to that
observed in the saturated fats, which have no double bond. Humans
cannot synthesize the trans geometry.

4. Fatty acids are classified by dependence on dietary sources. If the
fatty acid is required for human health and cannot be synthesized by
the body, it is referred to as essential. In other words, it is a vitamin.
Both 
-linolenic acid and linoleic acid are considered essential fats.
Dietary fats high in 
-linolenic acid are flax and walnut oils. Large
amounts of linoleic acid are found in unrefined sunflower, corn, and
soybean oils.

Under certain metabolic conditions, fats in addition to 
-linolenic acid and
linoleic acid become essential. Examples of conditionally essential fats are
gamma-linolenic acid (GLA), eicosapentenoic acid (EPA), and docosahexenoic
acid (DHA), shown in Figure 4.2 and Figure 4.3. Synthesis of these three
fats requires the same rate-limiting enzyme, �-6-desaturase.4 The activity of
�-6-desaturase depends on zinc, B6, and magnesium.5,6 Suboptimal levels reduce
�-6-desaturase activity. The enzyme activity is impaired by high levels of insulin,
such as that which occurs in type II diabetes and metabolic syndrome. High
levels of saturated fats and monounsaturated fats interfere with the enzyme activ-
ity. Polyunsaturated trans fats compete for binding sites on �-6-desaturase.
However, the metabolic by-products of the trans fats do not have the diverse func-
tions shown in Figure 4.2 and Figure 4.3.7

OVERVIEW OF FOOD PREPARATION

The same principles established in the biochemistry laboratory are meaningful
in the kitchen when using food fats such as those listed in Table 4.1. As also
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indicated in Table 1, fats that are solid at room temperature are called “fats” and
those that are liquid at room temperature are generally called “oils.” A partial
exception is coconut oil, which is solid at ambient temperature in temperate
climates, but liquid in tropical climates where it is cultivated.

Figure 4.4 categorizes fats and oils by the degree of saturation. Naturally
occurring fats and oils are not composed of all saturated or all unsaturated fatty
acids. Rather they are mixtures of different amounts of various fatty acids. More
than half of the fatty acids in saturated animal fats are unsaturated. For example,
beef fat is 54% unsaturated, lard is 60% unsaturated, and chicken fat is about 70%
unsaturated. When fats are totally saturated they are usually as hard as wax and
they are not digested. When fats are almost totally unsaturated they are well
digested, but they are very uncommon in the natural food supply.

Saturated fats and trans fats are generally solid at room temperature and
unsaturated fats are generally oils. Saturated and trans fats have a straight shape,
which allows for more dense packing. The cis double bond confers a bent irregular
shape, which makes the fatty acids less densely packed liquids.

Cis double bonds are biochemically reactive with oxygen. Therefore, a fat
with more double bonds is more prone to oxidation, generally described as stale,
rancid, or fishy smelling. Saturated fats and trans fats have a long shelf life and
can be exposed to high heat such as grilling and deep frying. Monounsaturated
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FIGURE 4.2 Omega-3 metabolic pathway.
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fats have a shorter half-life and can be used for cooking, but not for deep frying.
Sesame, hazelnut, olive, and canola oils are recommended for cooking because
they are predominately monounsaturated. Polyunsaturated fats have a short shelf
life and should be refrigerated or even stored in the freezer. Polyunsaturated fats
should be used on salads and as toppings, since cooking with polyunsaturated fats

Fat 71

FIGURE 4.3 Omega-6 metabolic pathway.

TABLE 4.1
Dietary fat sources

Food source Examples

Animal adipose Beef and lamb tallows, lard
Poultry adipose Chicken, duck, goose fat
Fish adipose Fish oils
Whole grains Wheat germ oil
Seeds Flax, pumpkin, sesame, grape, sunflower seed oils
Fruit Olive, palm, avocado oils
Nuts Coconut, palm kernel, macadamia, hazelnut, almond oils
Legumes Peanut, soybean oil
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induces oxidation. The gummy residue in salad bowls, filterless coffee machines,
and frying pans is due to the polymers that are formed when polyunsaturates
oxidize.

The more readily oxidizable oils have historically been consumed as nuts,
seeds, and plants, where various antioxidants protect the oils from oxidation.
Unrefined oils retain many of the natural fatty vitamins and antioxidants. Those
fats and oils that are oxidized are not available either for use as energy or for
structural purposes, because they are either in a polymerized unusable form or
they contain toxic components. Breakdown products include oxidized fatty acids,
oxidized sterols, peroxides, acrolein, hydrocarbons, and aromatic compounds.
Natural antioxidants usually found in the seed oils are lost when these seed oils
are extracted with solvents. Pesticides are predominantly fat soluble and therefore
can be concentrated in fats and oils, and have been shown to contribute to the
oxidative process of fats. The effects of refinement and pesticides on oils are in
addition to the direct adverse effects of nutrient removal and xenobiotic exposure
on human health.

The food industry has developed a processing method called partial hydro-
genation to avoid rancidity and change the physical properties of oils into solid fats.
By straightening the double bonds, a liquid vegetable oil can be converted into a
viscous oil or solid fat, such as butter-like spreads, margarine, and Crisco®.
Furthermore, distorting the double bond’s geometry decreases its ability to react
with oxygen, which in turn prevents fats from going stale or requiring refrigeration.

72 Scientific Evidence for Musculoskeletal, Bariatric, and Sports Nutrition

FIGURE 4.4 Classification of fats and oils by long-chain fatty acids C14 to C22. (From
Enig, M., Know Your Fats: The Complete Primer for Understanding the Nutrition of Fats,
Oils and Cholesterol, Bethesda Press, Silver Spring, MD, 2000.)
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The third great benefit partial hydrogenation provides the food industry is a greatly
expanded market for American-grown crops. The disadvantages of partial hydro-
genation are its adverse health effects, most notably the synthesis of trans fats.

Trans fats currently comprise approximately 15% of U.S. fat intake. Avoiding
trans fats and exploring less harmful methods of food processing are critical to
public health. It is possible to make margarine without partially hydrogenating
the oil. There are also several spreads made with emulsifiers that use unhydro-
genated liquid oils and a process similar to the one used for making mayonnaise.
Another technique used in Europe is making margarine from palm, palm kernel,
or coconut oils that have triglycerides that crystallize satisfactorily. There are also
methods of making soft margarines out of other unhydrogenated oils, using a
process called interesterification. One such soft margarine, which was marketed
in Canada, did not meet high consumer satisfaction and the health consequences
are not fully explored.

For the consumer and patient, navigating through the labeling to select healthy
cooking oils is challenging. Additionally, quality oils are sometimes difficult to find
and generally cost double that of less healthful highly processed oils. Table 4.2
provides consumers with explanations for labeling claims.

OVERVIEW OF LIPIDS IN HUMAN
PHYSIOLOGY AND DISEASE

GROWTH

Fat usually represents between 30 and 40 percent of the individual’s diet in the
Western world. This is in keeping with the range of fat that has been recom-
mended in recent years: 30% for inactive people on moderate calories, 40% for
active people on adequate calories, and 50% for infants and active, growing chil-
dren. In summary, both total and proportional fat intake should increase with
metabolic demands.

The most metabolically active times are in the womb and in infancy. Both
maternal overnutrition and malnutrition have implications for the fetus and lactat-
ing infant, as discussed in Chapter 3. Approximately 50% of the caloric value of
human milk is derived from fat. Human milk fat has a unique fatty acid composi-
tion. It is approximately 45 to 50% saturated, 35% monounsaturated, and 15 to 20%
polyunsaturated. Of the saturated fatty acids made in the mammary gland, up to
18% can be fatty acids called lauric acid and capric acid. These two fatty acids have
antimicrobial properties, which have been shown to confer the breast-fed infant pro-
tection against lipid-coated viruses, bacteria, and protozoa.8

Researchers in Europe questioned whether maternal consumption of trans
fats interfered with the precise ratio of fats required by breast-fed infants. Trans
fatty acids consumed by the lactating mother go directly into her milk at levels up
to 18% of the total milk fat. In 1992 Koletzko demonstrated that maternal con-
sumption of partially hydrogenated vegetable fats and oils is a risk factor in
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low-birth-weight infants. Maternal consumption of trans fats was also shown to
interfere with proper levels of the elongated omega-3 fat DHA in the brains of
infants.9,10 Later, the trans fatty acids in human milk were found to correlate
significantly with decreased visual acuity in infants. This shows that trans fatty
acid-containing products should be avoided by lactating women.11–13

Childhood growth includes proliferation of adipocytes to accommodate
dietary excess. The role that trans fat may play in the acquisition and composi-
tioin of adipocytes is not known. Human adipose tissue in the United States has
been measured as 40% saturated fatty acids, 57% monounsaturated fatty acids,
and 3% polyunsaturated fatty acids.14

Persons who become obese in adolescence develop more fat cells than healthy
weight adolescents. Obesity developed in adulthood is associated with a more
modest increase in fat cell number and a large increase in fat cell size (Table 4.3).
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TABLE 4.2
Glossary of terms used in labeling oils

Term Significance

Cold pressed Solvents were not used to extract oil from seeds or nuts
Expeller pressed Solvents were not used to extract oil from seeds or nuts
Extra virgin The first oil to be extracted
Natural No significance
Organic Meets federally established criteria for organic, which has been

shown to contain less pesticide contamination
Partially Contains trans fats; another way to suspect the presence of trans

hydrogenated oil fats is when the sum of saturated, monounsaturated, and
polyunsaturated fat content is less than the total fats

Toasted Safe; seeds and nuts are roasted before extracting; this makes the
oils taste more flavorful

Genetically modified GMO is not universally labeled; GMO may impose health risk
organism (GMO) depending on what was modified; GMO may reduce pesticide

content
Unrefined Unprocessed to help retain nutrients
Pesticide content Not labeled, although organic has been shown to have less

contamination with persistent organic pollutants
Oxidized material Not labeled; polyunsaturated oils should be refrigerated upon

opening and the expiration date observed to avoid oxidation after
purchase

Interesterification A newer method of making plant oils, not yet indicated on the label
Fat free Of course, cooking oil is fat; the label means that the portion size

is small enough that the total fat falls below labeling criteria
Expiration date Unsaturated oils should have a clearly marked expiration date;

Rancidity occurs from oxidized fats and generally smells like
stale potato chips

Note: The glossary is intended to help patients in selecting healthy oils.
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Weight reduction in adulthood is associated with a decrease in fat cell size rather
than in fat cell number.15

In light of childhood obesity and its potentially lifelong consequences, the
suggestion of a childhood low-fat diet is raised to reduce total calorie intake.
Restricting fat intake exclusively is not effective, partly because dietary fat pro-
motes satiety. Children given low-fat diets or low-saturated-fat diets develop
growth and health problems.16–18 Certain medical conditions associated with obe-
sity, such as hepatic steatosis and hypertriglyceridemia, improve with a propor-
tional increase in dietary fat. Some childhood seizures respond to a high-fat diet,
which induces ketogenesis.19 The high-fat ketogenic diet is associated with
weight loss rather than weight gain in contrast to most neuroleptic medications.
Growing children should in general be encouraged to consume the minimally
processed fats described previously.

Dietary fats also play an integral role in bone formation. Diets with meat,
poultry, and dairy products were long considered beneficial to growing children,
partly because of the saturated fats.20 Saturated fats and omega-3 polyunsaturated
fats both have demonstrated benefits in childhood growth. Animal studies have
identified the optimal ratio of unsaturated fats to saturated fats as 1.1. The U.S.
diet is high in omega-6 and highly processed, partially hydrogenated vegetable
oils, with a ratio of unsaturated fats to saturated fats as high as 5.4.1,20 High intake
of omega-6 fats has been shown to depress bone formation.21 The underlying bio-
chemistry has also been of demonstrated benefit in treating rheumatoid arthritis
by administering 2.6 g of supplemental omega-3 fats daily.22

BODY COMPOSITION

Since dietary fats play established roles in growth and metabolic rate, the question
is proposed whether specialized fats, taken in high concentrations, may enhance

Fat 75

TABLE 4.3
Fat cell characterization among healthy weight, obese, and formerly obese
persons

Adult weight category Fat cell size (�g of Fat cell number Fat weight
lipid per cell) (�109) (lb)

Normal BMI 0.7 26 38
Juvenile onset obesity 0.9 85 168
Adult onset obesity 1.0 62 134
Reduced weight, following 0.5 62 72

adult onset obesity

Source: Linder, M., in Nutritional Biochemistry with Clinical Applications, Linder, M., Ed., Elsevier
Science Publishing, 1985, pp. 38–39.
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body composition. One such consideration has been supplementation with
conjugated linoleic acids (CLAs), a collective term used to describe a mixture of
isomers of linoleic acid with conjugated double bonds. CLAs contain a double
bond with trans geometry synthesized by microorganisms in the stomachs of
ruminant animals such as cows and sheep. Therefore, dietary sources are dairy
products and the meat of ruminant animals. After the discovery of CLAs in the
1970s, research focused on potential anticarcinogenic properties and favorable
alterations in body composition were observed in the research animals. Results in
small, human studies have been mixed23–26 and have not spurred a large clinical
trial. Studies suggest that if used as part of a weight reduction program, CLAs
should be consumed at approximately 3 g daily for at least 12 weeks. These
naturally occurring trans fats have not been sufficiently studied for potential
adverse health effects.

A safer and possibly more effective approach is to consume CLAs, by eating
dairy products. Dairy consumption is associated with weight reduction and
improvement in body composition.27 Effects are primarily attributed to vitamin D,
calcium, probiotics, balanced macronutrient composition, and substitution for
less healthful food.

Medium-chain triglycerides (MCTs) have been shown to enhance body com-
position by inducing satiety and facilitating fat metabolism.28,29 MCTs are satu-
rated fats 6 to 12 carbons long, which transit rapidly through the intestinal tract
and are absorbed directly into the portal vein without being attached to chylomi-
crons. MCTs can be transported into the inner mitochondria for ATP synthesis
independent of carnitine. Dietary intake of MCTs favors fat metabolism and is of
interest to both endurance athletes and dieters.28,30 The limiting disadvantage is
that MCTs when dosed above 30 g consistently cause gastrointestinal cramping
and diarrhea, and even 30 g is intolerable to many persons.31 Coconut oil is com-
posed of 50% lauric acid, a saturated fat that is 12 carbons long and only partially
transported on chylomicrons, thereby exhibiting some characteristics of the
shorter MCTs.32 Coconut oil is better tolerated and is available as an unrefined oil
rich in antioxidants.

Omega-3 fats are supplemented to limit the glucocorticoid medications
required to manage chronic conditions such as asthma, arthritis, and inflammatory
bowel disease.22,33,34 By reducing the amount of a medication known to adversely
affect body composition, omega-3 fats improve body composition secondarily.

Omega-3 fats can also improve body composition directly, through several
mechanisms, in persons deficient in EPA and DHA.31 EPA or DHA deficiency is
common because the ratio of omega-3 fats to omega-6 fats in the diet is low and
�-6-desaturase impairment is common. Fish oil contains EPA and DHA, which
are independent of �-6-desaturase. Optimal amounts of supplemental fish oil
range from 2 to 12 g; dosage varies with diet, medical conditions, omega-3
content, environment, and �-6-desaturase function. Flax oil contains 
-linolenic
acid, which requires �-6-desaturase as the first and rate-limiting step. Since
�-6-desaturase is also the first and rate-limiting step for the omega-6 linoleic
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acid, persons with diabetes in whom �-6-desaturase is impaired by insulin
benefit from GLA supplementation.35 Improving �-6-desaturase function by
correcting deficiencies in magnesium, zinc, and B6 is also recommended.

Improving lipid profiles is associated with improvements in body composi-
tion and the potential avoidance of statin medications that can interfere with
muscle metabolism. To improve lipid profiles and potentiate the lipid improve-
ments associated with exercise, interest has focused on the use of plant sterols.
Plants sterols and stanols are similar to cholesterol in structure and function.
Plant sterols and stanols are placed in functional foods and supplemented to
lower cholesterol. Results are varied and the recent observation of a potential
increase in stroke calls supplement use into question.36–40 Conversely, avoiding
dietary intake of trans fats has been demonstrated to improve lipid profiles.
Omega-3 fats can also improve lipid profiles, especially when associated with
exercise.

Daily consumption of essential fats is important for maintaining a fat-burning
metabolism. Essential fatty acids are generally used for phospholipids in cell
membranes rather than converted into triglycerides for storage in adipose tissue.
Metabolism of adipose stores is associated with the lower plasma levels of essen-
tial fats. Deficiency in essential fatty acids can accompany extensive weight
reduction. Furthermore, without daily dietary fat the gallbladder is unable to
empty and can form gallstones.

ENDURANCE ATHLETICS

Since endurance exercise depletes muscle glycogen stores, any dietary intervention
that favors B-oxidation of fats (fat burning) potentially spares muscle glycogen and
enhances endurance. Athletes who consume mixed long-chain triglycerides (LCTs)
1 to 4 hours before competition, did not demonstrate increased fat metabolism
during exercise.31 Conversely, MCTs can enhance B-oxidation in endurance
athletes, although gastrointestinal intolerance limits use.

Polyunsaturated fats are preferentially incorporated into cell membranes and
dietary intake of omega-3 polyunsaturates favorably alters membrane properties.
Increasing omega-3 fats in red blood cell membranes improves oxygenation and
in mitochondrial membranes of muscles, may improve energy production.
Omega-3 fats have been shown to favorably modulate the inflammatory response,
which improves healing from tissue microtrauma, which often results from
intense exercise.34,41 Omega-3 fats reduce exercise-induced asthma.33 Since unsat-
urated double bonds can undergo aberrant oxidation in vivo, just as they can in
the kitchen, it is important to couple intake of highly unsaturated fats with antiox-
idants to reduce lipid peroxidation, harmful oxidation triggered by physiologic
stress such as exercise.42,43

Red blood cell and plasma levels of fatty acids can be assayed and used to
guide dietary intake and supplementation.6 Testing can be repeated in 3 months
to assess the impact of dietary interventions.
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In summary, dietary fat from food and supplements alters metabolism. Body
composition and athletic performance can be enhanced with nutritional inter-
ventions such as those presented in Table 4.4.
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INTRODUCTION

Carbohydrate has numerous, critical physiological roles in muscular health and
development. In fact, while protein and fat have often received the most attention
with respect to their influence on muscular health, carbohydrate is the rate-
limiting macronutrient with respect to muscle growth, repair, and maintenance.
Carbohydrate has an essential role in energy production, even though body car-
bohydrate stores are scant compared to protein stores in muscle and fat stores in
body fat. When the body has insufficient exogenous carbohydrate from diet, it
mobilizes endogenous carbohydrate via glycolysis. When endogenous stores are
depleted, carbohydrate is  synthesized from protein. In addition to meeting energy
needs, carbohydrate is used in the regulation of fat and protein metabolism, gov-
erning the activation of and sorting enzymes, identifying cell surfaces and trans-
port channels, water absorption and retention, and the delivery of dietary
antioxidants.

Carbohydrate

John D. Bagnulo, M.P.H., Ph.D.

5

81

DK6006_C005.qxd  11/11/2005  2:49 PM  Page 81



Carbohydrate constitutes approximately 70 to 80% of the calories consumed
worldwide.1 In the United States, however, it is estimated that only approximately
50% of the calories consumed are from carbohydrate.2 It is recommended by
the National Academy of Sciences Food and Nutrition Board’s latest Dietary
Reference Intakes for Americans (2005) that carbohydrate represent between
45% and 65% of the calories in the diet.3 The carbohydrate calories in an indi-
vidual’s diet are most often displaced by higher quantities of dietary animal pro-
tein, as plant protein and plant-based fat are usually accompanied by significant
quantities of carbohydrate.

REDUCED CARBOHYDRATE DIETS

In recent years, a large number of individuals interested in weight loss have sig-
nificantly restricted their carbohydrate intake. While this approach to weight loss
has proved to be moderately effective, many researchers question the long-term
risks that might be associated with limited carbohydrate consumption.4 Low-
carbohydrate and carbohydrate-restricted diets require gluconeogenesis to gener-
ate sufficient glucose for normal brain and neurological activity. While this
process allows for the use of amino acids to form glucose, gluconeogenesis also
creates ketone bodies. These by-products can accumulate to significant levels,
which leads to mild metabolic acidosis, mild neurotoxicity, and electrolyte dis-
turbances such as potassium loss. How the body removes hydrogen ions to reduce
metabolic acidosis is discussed in the chapters on protein and osteoporosis.

The most problematic skeletal–muscular effect of a low-carbohydrate diet is
the catabolism of protein. Gluconeogenesis and the use of additional amino acids
to create the carbon skeletons necessary to enter Kreb’s cycle ultimately reduce
an athlete’s skeletal muscle mass and impair athletic performance. This is dis-
cussed in the chapter on protein. Additionally, individuals interested in losing
body fat are susceptible to losing skeletal muscle as well, which decreases the
metabolic rate. Since carbohydrates help the body draw on fat stores, inadequate
blood sugar levels can suppress fat metabolism over time.

Restricting carbohydrate intake reduces the body’s supply of antioxidant and
phytonutrients, which have demonstrated a capacity to help prevent cancer, heart
disease, and other diseases. This is elaborated in the chapter on antioxidants.
Blood antioxidant levels fall in both human and animal studies with decreased
inclusion of carbohydrate-rich foods.5,6

There is an abundance of evidence that high-carbohydrate diets offer protec-
tion against obesity and other diseases.7–9 In fact, researchers have shown that
populations consuming as much as 30% more calories than Americans, but at a
higher total carbohydrate percentage, were at a significantly lower body mass
index (BMI) and had lower blood lipid levels.10,11

Genes that predispose people to obesity and a variety of other musculoskele-
tal health challenges can be suppressed by diet. This is discussed extensively
in the chapter on nutrigenomics. To set the stage for similar studies in humans,
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a recent rodent study demonstrated that agouti mice, which are genetically
predisposed to obesity, are able to maintain a healthier body composition by
consuming healthier carbohydrates.12

Editor’s Note

Since carbohydrate has fewer calories per gram than fat, calorie-counting dieters
are sometimes encouraged to eat proportionately more carbohydrate. However,
low carbohydrate diets also reduce subcutaneous fat and improve blood tests.
Therefore, the public and researchers alike are debating optimal carbohydrate
intake. The question more important than, “How much carbohydrate?” may be
“What type of carbohydrate?”

CARBOHYDRATE QUALITY

To reconcile the seeming contradictions in the percentage and quantity of dietary
carbohydrate, one must examine the quality of the dietary carbohydrates. The
statement that all carbohydrates are reduced to glucose is reductionistic and
fraught with errors. The quality of the carbohydrate food source may likely have
more power to confer musculoskeletal health than the proportion of carbohydrate
in the diet. Such an approach also sheds light on the otherwise conflicting results
of carbohydrate quantity.

The discussion on carbohydrate quality begins with a review of individual
dietary carbohydrates.

SUGARS

All carbohydrates are essentially made up of carbon, hydrogen, and oxygen.
Additionally, the carbons present in carbohydrates are always chiral, having four
different groups attached and existing in two different spatial arrangements (D and
L configurations). The D form is the naturally occurring configuration of each of
the monomeric building units or monosaccharides that ultimately form all carbo-
hydrates, with D-glucose being the most abundant organic compound in the
world. The most common monosaccharides provided by the diet are D-glucose,
D-fructose, and D-galactose (Table 5.1).

Other monosaccharides that are not significant sources of calories, such as
ribose, mannose, and arabinose, are critical to numerous processes and the rela-
tionship between cellular concentrations of these sugars and an individual’s risk
for disease or decreased athletic performance is not commonly recognized by
health practitioners. D-Ribose has been heavily investigated for its use in both the
synthesis and the repair of genetic material as well as in the replacement of
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degraded and lost adenosine. Adenosine triphosphate (ATP) formation in the
skeletal muscle of athletes engaged in intense exercise and in the cardiac muscle
of individuals who have suffered ischemia is often limited by the levels of avail-
able adenosine. Several studies have shown the use of supplemental D-ribose by
these individuals to be considerably beneficial, demonstrating enhanced ATP
recovery and increased DNA/RNA repair.13–16

D-Mannose and D-arabinose are necessary for the Golgi apparatus’ sorting of
enzymes and other endogenous proteins. These monosaccharides are identifica-
tion markers on cell surfaces where they help govern both cellular recognition
and cell transport. In theory, if individuals had deficiencies in one or more of
these sugars it could limit the rate of protein synthesis and impair growth and
cellular repair.

Previously, the sugar alcohols sorbitol and xylitol have predominantly been
used as sweeteners in chewing gum, as neither promote tooth decay. Recent
studies, however, have provided researchers a more comprehensive picture
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TABLE 5.1
Carbohydrate classes and major food sources that contribute significant
quantities of each

Class Subclass Examples Food sources

Sugar Monosaccharides Glucose Honey
Fructose Powdered fructose
Galactose

Disaccharides Sucrose Cane sugar
Lactose Milk
Maltose Barley malt

Oligosaccharides Maltodextrin Gu® and sports
supplements

Simple starches: White flour, white
contain significant rice, thoroughly
amounts of cooked potato
hydrolyzed
amylopectin

Resistant starches: Beans, whole
contain significant grains, sweet
amounts of amylase potatoes, vegetables

Fiber Soluble Gums Oats, seeds
Pectins Apples, most fruits
Some Vegetables, fruits,

hemicelluloses nuts/seeds
Insoluble Cellulose Bran, whole grains

Lignins Seeds, whole grains
Some Whole grains,

hemicelluloses vegetables
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of the potential use of these sugars. Xylitol, in particular, has demonstrated
anti-inflammatory effects. These carbohydrates, with minimal dietary sources
identified to date, are often referred to as glyconutrients. The potential use and
incorporation of these physiologically essential sugars as dietary supplements is
the focus of current research.17

Most recently, scientists have discovered that a foreign form of the
five-carbon sugar, sialic acid, may have adverse effects on human health.
N-Glycolylneuraminic acid (Neu5Gc) is found on the surface of most mammalian
cells with the exception of humans. Fossil evidence suggests that humans lost the
ability to produce this form of sialic acid around 20,000 years ago. Neu5Gc is
immunogenic and causes the formation of antibodies in response to its presence,
specifically Hanganutziu–Deicher antibodies. This sugar is absorbed by humans
from meat and dairy products and is incorporated into tissues. Future research is
needed to further elucidate the impact of this dietary sugar on human health.18–21

The consumption of high-intensity sweeteners, generally known as artificial
sugars, has increased dramatically since inception. Most notably, aspartame has
displaced more dietary sugar than any other synthetically produced sweetener.
While preliminary studies have suggested that its regular use may be safe, many
researchers still question its long-term consumption and suggest possible inter-
ference with normal neuron function, serotonin production, and smooth muscle
cell relaxation. Aspartame contains large amounts of the amino acid aspartate,
one of the body’s predominant excitatory neurotransmitters. The potential for
high concentrations of aspartate to overstimulate neurons is a leading theory in
the explanation of aspartame-withdrawal headaches.22,23

Another shift in the diet is increased consumption of high-fructose corn
syrup, which increases the dietary proportion of fructose to glucose. While the
digestion of all carbohydrates starts in the mouth by the action of salivary amy-
lase, glucose and fructose absorption primarily takes place in the duodenum and
jejunum, with smaller amounts potentially retrieved in the ileum. Fructose
absorption is generally limited to 50 to 60% of that ingested and large amounts
(20 to 50 g) can cause intestinal distress as the unabsorbed portion reaches the
large intestine.24 Interestingly, however, glucose ingested simultaneously with
fructose dramatically increases the absorption of the fructose present, raising the
tolerable amount of total fructose able to be absorbed without gastrointestinal dis-
tress.25 Researchers theorize that this might explain the significant energy contri-
butions made by high-fructose corn syrup in spite of fructose’s limited absorption
in isolated doses. It should also be noted that fructose, as an effective reducing
agent, can significantly reduce the bioavailability of specific trace minerals that
may also be present in the small intestine.26,27

Oligosaccharides are between 2 and 20 sugar units long. The most common
oligosaccharides are the disaccharides sucrose, lactose, and maltose. Sucrose,
often called table sugar, is a glucose and fructose molecule found predominantly
in sugarcane. Lactose is a glucose and galactose molecule found in many dairy
products. Maltose is a glucose-glucose molecule found in some grains and cereals.
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Although these sugars do require specific digestive enzymes for the hydrolysis of
their glycosidic bonds, the reaction takes place rapidly and there is very little dif-
ference in the rate at which they contribute energy to the bloodstream.

Lactose can potentially pose a digestive problem for adults. Without exposure
to this milk sugar, most individuals begin losing the ability to digest lactose at
age 6 years. Worldwide, many populations have adopted a variety of fermentation
methods that have enabled them to consume dairy products. The bacteria involved
in these processes partially predigest the lactose and other disaccharides initially
present in milk.

Maltodextrin is a sugar that can range from 4 to 12 glucose units long, is
easily digested, and has become an increasingly popular ingredient in sport
beverages and energy bars. See the chapter on ergogenics.

SIMPLE STARCHES

Polysaccharides essentially make up the remainder of all other classes of carbo-
hydrates and are most frequently found in the amylose and amylopectin starch
subgroups. Amylose starch molecules are longer, more linear chains of sugar
units, while amylopectin starch groups often have a large number of branching
sugar side chains. Both amylose and amylopectin chains can be made up of one
or more different types of sugar units. The difficulty with which the sugar units
can be separated from these molecules helps differentiate between simple
starches and resistant starches. Simple starches tend to be high-amylopectin-
containing foods that have been processed by cooking or hydrolysis. Rich sources
of these starches include thoroughly cooked potatoes, refined wheat flour products
(white flour), thoroughly cooked white rice, and modified food starches. Simple
starches are easily hydrolyzed into their individual sugar constituents. In fact, a
thoroughly cooked white potato is digested so effectively that it raises blood
glucose levels as rapidly as many foods and beverages with large amounts of
added refined sugar.

RESISTANT STARCHES

Resistant starches are a category of carbohydrates that includes beans, most
vegetables, partially cooked tuber and root vegetables, squashes, apples, whole
grains, and pasta cooked al dente. Resistant starches get their name from their
small surface area to volume ratio, which reduces their exposure to digestive
enzymes and release of monosaccharides into the intestinal lumen. Since diges-
tion requires more time and effort to completely hydrolyze glycosidic bonds,
resistant starches produce smaller increases in blood sugar levels over longer
periods of time. Resistant starches have a favorable glycemic index (GI), as
described later in this chapter and in Table 5.2. Resistant starches can promote
musculoskeletal health.
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FIBER

While fiber is a carbohydrate, it is certainly unique from a metabolic perspective.
Lacking the proper digestive flora, humans are unable to hydrolyze the glycosidic
bonds of fiber and therefore fiber does not contribute calories to an individual’s
diet. Yet fiber is essential for health and may be one of the most useful indices for
a general assessment of a population’s dietary habits. Higher levels of fiber intake
are positively associated with a lower BMI, successful and maintained weight
loss, and reduced risk of cancer and heart disease.28–32
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TABLE 5.2
The GI is a measure of the area under the glucose response curve from the
ingestion of 50 g of a test food divided by the area under the glucose
response curve for 50 g of glucose

Grains, cereals, and GI (glucose � 100) Fruits and vegetables GI (glucose � 100)
breads

Corn flakes 84 Dates 103
Pretzels 83 Potato, baked 93
Rice cakes 82 new/boiled 62
Cheerios 74 Carrots, boiled 90
Kelloggs Raisin Bran 73 raw 60
White rice 72 Pumpkin 75
English muffins 70 Beets 69
White bread 70 Pineapple 66
Taco shells 68 Cantaloupe 65
Shredded wheat 67 Raisins 56
Post Grapenuts 67 Banana 55
Whole wheat bread 67 Corn 55
Brown rice 55 Sweet potato 52
Stoneground whole 53 Yam 50

wheat bread
Oatmeal 49 Green peas 48
White pasta 41 Grapes 46
Whole wheat pasta 37 Plum 39
Barley 25 Apple 36

Grapefruit 25
Cherries 22
Blueberries 18
Watermelon 7

Dairy products GI (glucose � 100) Sweeteners/beverages GI (glucose � 100)

Ice cream 61 Maltose 85
Skim milk 34 Sucrose 65
Whole milk 23 Coke 63
Nonfat yogurt (plain) 30 Honey 58
Whole yogurt 12 Fructose 23
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Soluble fiber forms a viscous gel when exposed to sufficient water. Categories
of soluble fiber are gums, pectins, and certain hemicelluloses. Soluble fibers are
able to bind bile acids, preventing their enterohepatic circulation. The liver then
synthesizes new bile acids, which lowers the body’s total cholesterol pool. In
addition, flora of the large intestine is able to produce short-chain fatty acids, such
as propionic, butyric, and caprylic acids, from soluble fiber. These short-chain
fatty acids have been shown to increase the health of the epithelial cells that line
the colon and may help prevent colon cancer.33–35

Soluble fiber significantly delays gastric emptying. A meal high in soluble
fiber before exercise could result in discomfort and decreased athletic perform-
ance. Large amounts of soluble fiber immediately after exercise could prevent the
release of carbohydrates into the small intestine for absorption and potential use
by recovering muscles. Therefore, it is recommended that the soluble fiber
content of meals taken close to training time be kept at moderate levels.

Insoluble fiber is generally referred to as roughage. It is composed of the sub-
groups cellulose, hemicellulose, and lignans. These fibers offer the intestines bulk
and help decrease transit time. Some insoluble fibers are able to bind specific
molecules that may act as carcinogens and eliminate them before becoming
absorbed. The National Academy of Sciences Food and Nutrition Board has
recommended 40 g of total fiber from whole foods each day, with roughly half
coming from soluble types and the other half from insoluble fiber. The modern
diet falls substantially short of the recommended intake, with most Americans
ingesting only one quarter of this amount, i.e., 8 to 10 g.36

CARBOHYDRATE UPTAKE AND HORMONAL CONTROL

Traveling to the liver via the portal vein, hepatocytes utilize significant quantities
of the digested and absorbed monosaccharides: glucose, fructose, and galactose.
The liver’s clearance of fructose and galactose is much greater than that of glu-
cose. Aside from metabolic requirements, the liver stores a limited amount of
glycogen (approximately 90 to 140 g depending on size) from these sugars.
Glucose not needed by the liver circulates to the rest of the body. Skeletal muscle
is a major destination for glucose. Skeletal muscle is the only major tissue to uti-
lize GLUT4 transport proteins for the uptake of glucose. This transport protein is
insulin dependent, unlike the independent transport proteins utilized by the liver,
nervous system, kidneys, and other major organs.

Fructose uptake by cells is governed by GLUT5 transport proteins and is
insulin independent. Additionally, fructose requires one less phosphorylation
reaction and, consequently, the use of less cellular ATP to prime the molecule
for glycolysis and the production of energy. These two features of fructose
have historically made it a focus of sports nutrition research investigating its
potential use for high-energy-demanding athletics. However, at high doses
fructose is not well tolerated by the gastrointestinal tract and its use in athletics is
thereby limited.
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Insulin is secreted by the pancreas in response to any significant rise in blood
glucose levels (Figure 5.1). Normal fasting blood glucose levels range from 60 to
90 mg/dl. In addition to facilitating the transport of glucose into the muscle cell,
insulin also assists the uptake of amino acids, creatine, and other cellular proteins.
A moderate carbohydrate supply and the subsequent release of insulin are impor-
tant for muscle cell growth, repair, and structural integrity.

With the onset of exercise, there is the concomitant migration of GLUT4
transport proteins to the surface of muscle cells. This increase in the cell’s
ability to absorb is still insulin dependent. Excessive insulin released prior to or
during exercise results in the rapid clearance of glucose from the bloodstream.
Hypoglycemia or insufficient blood glucose dramatically impairs athletic per-
formance and is often referred to as “bonking” or “hitting the wall.” The increase
in GLUT4 transport proteins and the activity of phosphofructokinase (the rate-
limiting enzyme in glycolysis) lag briefly after exercise. As a result, the capacity
for glycogen synthesis increases.37

As blood glucose levels decline, the hormone glucagon is released in an effort
to maintain the relatively narrow acceptable physiological range. Glucagon
increases the activity of phosphorylase (b), which acts primarily on hepatic glyco-
gen stores, producing the necessary increases in available glucose. Epinephrine
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FIGURE 5.1 Insulin secretion in response to rise in blood glucose levels: (a) glycemic
response after ingestion of 50 g of carbohydrate; (b) plasma insulin change after ingestion
of 50 g of carbohydrate.
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secretion increases with exercise and increases the activity of phosphorylase
(a), which acts on both intramuscular and hepatic glycogen stores. With increased
fitness, less glycogen is drawn upon at the onset of exercise, preserving these
stores for exercise of higher intensity and longer duration. Carbohydrate con-
sumption less than 150 g per day depletes total glycogen stores and can lead to
further catabolism of skeletal muscle and other body proteins if sustained.

METABOLIC STORES OF CARBOHYDRATE

Glycogen synthesis and the maintenance of muscle glycogen stores have histori-
cally been the primary carbohydrate-related focus of athletes, coaches, and those
interested in muscle development or performance. Previously, the scientific com-
munity placed the emphasis on the quantity and the timing of carbohydrate inges-
tion for glycogen repletion. This research has suggested that it might require
carbohydrate consumption on the order of 10 g/kg of bodyweight daily and 60 to
70% of total calories to sufficiently replete glycogen.38–40 Intramuscular glycogen
stores provide the muscle cells with glucose and primarily determine a
muscle group’s capacity for high-intensity exercise.

Manipulating an athlete’s carbohydrate consumption while simultaneously
changing the intensity and duration of exercise can achieve significant increases
in total body glycogen storage. While there are a variety of carbohydrate-loading
or glycogen supercompensation plans employed by endurance athletes, most use
a common glycogen depletion phase combined with carbohydrate restriction.
This phase usually lasts 3 to 4 days, during which the body attempts to compen-
sate by increasing its production of the enzyme necessary to store glycogen. This
phase is followed by a 2 or 3 day period of high carbohydrate consumption. The
result, on the day of competition, can be muscle glycogen levels at nearly 300%
of what they would be otherwise.41

CARBOHYDRATES PROMOTE HYDRATION

Glycogen’s hydrophilic nature enables each muscle sarcomere to retain more
water, increasing the overall hydration within the muscle, allowing for greater
contractile force. Intracellular water constitutes 53 and 65% of total body water
and is responsible for each cell’s ability to maintain electrolyte levels via simple
or facilitated diffusion. It also enables muscle cells to eliminate metabolic waste
products more effectively and to clear lactic acid during intense exercise. The
synergistic effect of muscle flexibility and adequate intracellular hydration pro-
tects muscle groups from a wide variety of athletic injuries. Additionally, water
absorption from the gastrointestinal tract is enhanced if there is a carbohydrate
content to the beverage or gastric contents from which water is to be absorbed. A
glucose content of 4 to 7% is of normal osmolarity, assuming it has minimal other
ingredients. This range is optimal for increasing the rate of hydration.42
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GLYCEMIC INDEX

The glycemic index (GI) is a measurement of how much glucose 50 g of a given
food contributes to the average person’s bloodstream over a period of time
(Table 5.2). It is calculated by dividing the area under the glycemic curve by the
area under the glycemic curve of a reference food. See Figure 5.1. The two most
commonly used glycemic indices utilize white bread or glucose as references
(GI � 100). The GI of a food is affected by numerous factors, including the pro-
tein, fat, fiber, water, and acid content of the meal, all of which delay gastric emp-
tying. Foods containing large amounts of fat and sugar often have a lower GI than
those that are mostly carbohydrate and have considerably fewer calories.
Therefore, the GI should only be used in conjunction with other qualitative infor-
mation in assessing a food’s nutritional potential. The regular consumption of
foods with a high GI promotes a number of deleterious changes in cellular and
organ system physiology.43 These changes seem to be the result of flooding the
circulatory system with abnormally large concentrations of glucose.

As blood glucose levels rise, there is a proportionate decrease in lipolysis and
the subsequent use of fatty acids for energy. Originally, researchers concluded
that higher blood glucose levels and the accompanying rise in insulin secretion
increased the synthesis of fatty acids for storage in the body. Studies demonstrate
that elevations in blood glucose concentrations tend to spare the body’s oxidation
of fat, thereby inhibiting weight loss.44

GLYCOSYLATION

Under certain physiologic and food preparation conditions, carbohydrate strands
attach themselves to proteins and nucleic acids in a process known as glycosyla-
tion. There is an abundance of scientific literature explaining the process of non-
governed glycosylation and its effects on protein health.45–47 Also, refer to the
chapter on protein. Unlike the glycosylation that takes place under the direction
of the Golgi apparatus, nongoverned glycosylation is deleterious to the health
of proteins. This glycosylation is the non-enzymatically controlled attachment of
glucose to a peptide in a way that can seriously alter the functional capacity of
certain enzymes and skeletal proteins and change the appearance of other proteins
such as cell surface identification proteins. Advanced glysolylated end products
(AGEs) are the biomarkers that indicate glycosylation has taken place. One AGE
that is clinically monitored among persons with type II diabetes is glycosylated
hemoglobin, often referred to as HbA1c. Elevated glycosylated hemoglobin is
associated with lower elasticity of muscle fiber and connective tissue.

SUMMARY OF CLINICAL APPLICATIONS

Adequate carbohydrate can vary widely among adults, depending primarily on
energy needs and variation in metabolism. Generally, adequate intake is between
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55 and 70% of the calories consumed or between 6 and 10 g/kg of lean body
mass. Therefore, a 180 lb (82 kg) individual at 15% body fat (69.7 kg) would
require between 420 and 700 g of carbohydrate each day, depending on the
activity level. Carbohydrate restriction has the disadvantages of loss of lean body
mass, metabolic acidosis, and dehydration.

Not only carbohydrate quantity, but also carbohydrate quality influences
musculoskeletal health. Individuals should be encouraged to include predomi-
nantly whole food sources of carbohydrates from fruits, vegetables, whole
grains, and starchy root vegetables. Minimizing consumption of refined grains
and grain products, foods with added sugars and sweeteners, and other sources
of isolated sugars (i.e., fruit juice) reduces damage due to AGE formation and
insulin resistance.
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INTRODUCTION

Musculoskeletal health depends on dietary protein. The word protein derives
from the Greek word proteos meaning “primary — most important.” Indeed the
structure of the human body is built on a foundation of structural proteins, which
are derived from dietary proteins. Each cell’s genome codes for specific proteins
that are used for the structure, regulation, and communication particles necessary
for survival. These include muscle, enzymes, hormones, contractile proteins,
immunoglobulins, neurotransmitters, bone structure proteins, oxygen, and carbon
dioxide carrying molecules, to name a few. Almost half the total protein content
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in the body is present in just four proteins, myosin, actin, collagen, and hemoglobin.1

Myosin and actin comprise muscle and collagen comprises bone and connective
tissues. Protein is indeed proteos in the musculoskeletal system.

Most of the proteins ingested from the diet are not used for protein but as
energy. The nitrogen-containing amine group is removed and the carbon skeleton
is oxidized as substrate for adenosine triphosphate (ATP) production. The extra
chemical steps in conversion of protein to carbohydrate make protein a low
glycemic index food, a slow-release carbohydrate source.

Another role is in regional pH regulation. Because amino acids have amino
groups and carboxylic acid groups they can function as buffers by accepting or
donating hydrogen ions. Since there are many proteins in the vascular bed and
interstitial spaces, they add a large pool of buffers to maintain acid base balance
in addition to the phosphate and bicarbonate system buffers described by
Dr. Brown in the chapter on bone nutrition.

PROTEIN AS A MACRONUTRIENT

What distinguishes protein from carbohydrates and fats, the other two macro-
nutrients, is that only protein contains nitrogen. The ratio of protein in the diet
varies among fad diets which have influenced our patients’ food selection.

The “Atkins Diet”2 with high protein, very low carbohydrate intakes, the
Dr. Barry Sears “Zone Diet”3 in which the recommended protein intake is 30% of
total calories, to various low-protein high-carbohydrate diets such as the Ornish4

or Pritikin Diets5 where proteins may be only 10% of the total calorie intake.
Others, including Wolcott,6 have stated that an individual’s protein needs are based
on his or her genetic metabolic type. This type is determined by a long personal
habits and likes/dislikes survey and blood chemistry measurements. Depending on
the survey and lab results one type needs high protein, another moderate, and
another low. Others including D’Adamo7 have opined that each protein has a pre-
dominant surface lectin type, and based on one’s blood type an individual should
eat only those proteins that have similar surface lectins as his or her ABO type.
Also entering into this, in the athletic arena is the famous Tour de France winner
Lance Armstrong’s coach, Chris Carmichael,8 who tailors an athlete’s protein and
carbohydrate amounts based on a seasonal training and racing schedule. Cordane
and others have done extensive investigation into the protein rich diets of our
Paleolithic ancestors. Their diets were mostly meat, fish, fowl, and the leaves,
roots, and fruits of many plants. These “hunter” preagrarian types had healthier
skeletons and musculature than later generations who ate grain-based diets.9,10

Is there an ideal protein source and amount for all people? History and cur-
rent science would argue against this idea as individual needs and access are so
unique. However, protein as an essential nutrient needs to be considered as part
of a complex diet, lifestyle, and health status. This chapter will discuss protein
metabolism, individualized protein requirements, and therapeutic uses of certain
proteins and amino acids.
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CLASSIFICATION OF AMINO ACIDS

The dietary proteins one consumes are digested and result in the absorption of
single amino acids and occasionally short peptides. There is not a protein require-
ment per se. Rather, there is an amino acid requirement, since the body cannot make
its own codes for proteins without an adequate supply of these essential nutrients.

Dietary protein provides 20 amino acids that are used to build body proteins.
Eight of these amino acids are considered essential, which means they cannot be
synthesized by the body. In Table 6.1, these eight are noted with an asterisk. The
rest are considered nonessential amino acids, each of which can be synthesized
either directly or indirectly from the essential ones.

DIGESTION AND ABSORPTION OF PROTEIN

Protein digestion is required for absorption of amino acids. For adequate diges-
tion to occur, mastication must reduce the size of the food and increase surface
area so that in the stomach, enzymatic digestion can begin. Here the excretion of
hydrochloric acid creates a pH in the range of 1 to 2. The acid environment dena-
tures (uncoils) the food proteins, which exposes their peptide bonds to pepsin. A
pH of 2 is optimum for pepsin function.11

Protein digestion continues in the small intestine where the proteolytic enzymes
such as enteropeptidases, trypsin, and chymotrypsin cleave peptide bonds that
result in small peptide chains and single amino acids available for absorption. The
intestinal cells have specialized transporter proteins in the cell membrane to bring
the amino acids into and through the cells and released into the bloodstream.
From here they are transported to individual organs for reassembly into required
body proteins.12,13

PROTEIN QUALITY

All proteins are not equal in nutritional biological value. Biological value is
the percentage of the ingested protein that the body is able to convert into body
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TABLE 6.1
The 20 amino acids used to build proteins

Alanine Glutamic acid Leucine* Serine
Arginine Glutamine Lysine* Threonine*
Asparagine Glycine Methionine* Tryptophan*
Aspartic acid Histidine Phenylalanine* Tyrosine
Cysteine Isoleucine* Proline Valine*

*asterisk indicates that the amino acid is considered essential.
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proteins as measured by net nitrogen retention. After a meal the ingested proteins
are broken down into amino acids that are then absorbed. Depending on the ratio
and amounts of these amino acids they may be used for anabolic activity in pro-
tein synthesis or catabolized into energy sources with resultant nitrogen waste.
Whole egg has always been considered the food protein with the highest biolog-
ical value. It has a net nitrogen retention value of 48%. This means that 48% of
the egg protein is incorporated into body proteins (utilized nitrogen) and 52% of
it is catabolized for energy with residual nitrogen waste. A unique amino acid for-
mula that results in 99% net nitrogen usage has been discovered and formulated.
This can be used as a standard to compare other proteins or amino acid blends to
determine their biological value as measured by net nitrogen usage. High biolog-
ical value proteins have better ratios and amounts of the eight essential amino
acids and thus result in a better anabolic vs. catabolic ratio when consumed.14

Lower biological value proteins have deficient amounts of one or more essen-
tial amino acids. As a general rule, the animal-derived proteins such as eggs, meat,
and fish, have higher biological value than vegetable-derived ones. Consumption
of high biological value proteins is especially important when protein or calorie
restriction is needed to ensure adequate protein intake.

Popular sources of protein supplementation today include both soy and
whey. While both contain all eight essential amino acids, soy proteins are lower
in cysteine and methionine but higher in glutamine and arginine compared to
whey proteins. But effects on fitness and muscle development have not shown
one to be more efficacious than the other. People with milk allergy or sensitivity
are likely to use soy without crossover problems. Both soy and whey have
unique other qualities, for example, whey contains glutathione which is an
antioxidant and lactoferrins, which have bacteriostatic qualities, while soy con-
tains genistein and diadzine, which have an adaptagenic effect on estrogen
hormone regulation.

Editor’s Note

Protein synthesis and repair is an ongoing 24-h a day process. A total of 1 to 4%
of muscle protein is replaced daily. When intake of essential amino acids is insuf-
ficient, whether from binge eating, skipping breakfast, malabsorption, a poor qual-
ity diet, or intensive weight reduction, protein preventive maintenance declines
and damaged proteins become more common.

NITROGEN BALANCE

Positive nitrogen balance is that condition where sufficient protein sources exist
in the diet to add lean body mass and maintain repair processes. This is the
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normal anabolic state of the body from conception through puberty. This continues
during periods of fitness training where lean muscle is added, or in healing
associated with posttraumatic or surgical events.

The concept of negative nitrogen balance has traditionally meant the loss of
more nitrogen (as a marker of protein stability) than one is taking in. This occurs
drastically in catabolic states like postoperatively, following trauma, and during
acute infections and illness. This increase in urinary nitrogen is due to the catab-
olism of visceral proteins and lean body mass to provide the essential amino acids
that are not available in adequate amounts from dietary sources to carry on vital
functions or needed as a source of energy in calorie-deprived diets.

Thus negative nitrogen balance is due to insufficient quantity and utilization
of high biological protein. The needs may be greatly increased in metabolic states
where high body demand exceeds intake such as post trauma, burns, postsurgery,
or endurance exercise training. In addition to appropriate quantity and quality of
protein consumed, sufficient calories must be consumed to meet the body’s over-
all energy requirements.15

PROTEIN TURNOVER

Proteins in the body are not static and there is continuous breakdown and
synthesis. When tissue proteins are broken down, the amino acids are reutilized
for synthesis of new proteins. The rate of turnover of proteins varies widely. One
factor in turnover rate parallels how closely a particular protein’s concentration
needs to be monitored. For example, enzymes and hormones have higher turnover
rates because the concentration of these substances has to be regulated closely.
Structural proteins such as collagen and myofibrils have relatively long lifetimes
measured in months or years. In healthy persons, the total protein turnover is
approximately 3% of all body proteins per day.16

A second factor in the turnover rate is availability of exogenous proteins to
the body. Protein metabolism differs from carbohydrate and fat metabolism, in
that the body does not store amino acids for future use. The amino acid “store-
house” is the tissue structure of the body itself or its circulating proteins, such as
albumin. The body adapts to a protein deficient diet. If too few essential amino
acids are available, the body will attempt to conserve its repair and rebuilding of
proteins by slowing down the turnover rate of proteins. Proteins that normally
have very rapid turnover have reduced turnover when the protein intake is below
threshold levels. Skeletal muscle protein also decreases. Since muscle comprises
a large portion of protein stores, declining turnover can be measured as decreased
urinary nitrogen losses. The change is muscle mediated in part by thyroid
hormone, as elaborated in Teitelbaum’s chapter on fibromyalgia.

A third factor in protein turnover rate is the whole body state. A catabolic
state of muscle breakdown is associated with high levels of endogenous gluco-
corticoids and other stress hormones. It is also associated with a low metabolic
pH. Since amino acids are used as buffering agents and protein turnover can
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contribute to a metabolic acidosis, it is not surprising that protein turnover is
slowed or stalled during the catabolic state.

Protein turnover is important because it is analogous to a car’s preventive
maintenance. Oil, filters, and fluids are replaced to preserve the car’s precision
parts and mechanical integrity. Similarly, the body replaces proteins before they
have altered stereochemistry. Preventive maintenance is especially important for
signaling proteins on cell surfaces and enzyme proteins and can be generalized to
all body proteins. Two of the biochemical processes which cause road-wear are
oxidation and glycation.17,18 Our modern environment creates unprecedented
opportunities for oxidative stress and glycated proteins, as elaborated in the car-
bohydrate chapter by Bagnulo, the antioxidant chapter by Harris, and the xenobi-
otics chapter by Jaffe. These are the markers of aging. Decreased protein turnover
results in premature aging, immune deficiency, illness, and degenerative body
changes in the structure and function of virtually all tissues.18,19 For example, sar-
copenia, which can be secondary to protein insufficiency, has been noted as an
indicator of aging.20,21 Refer to chapters by Bland and Short.

CLINICAL EVALUATION OF PROTEIN STATUS

The food diary of 3 to 7 days is a tool in assessing protein intakes. The diary tends
to be revealing for both doctor and patient. Such items as nutritional supplements
and medications should also be noted as they can effect protein digestion and
assimilation. Protein assimilation also depends on bowel health, adequate sleep,
and stress management. Protein nutrition can be observed on physical exam by
noting such findings as tissue elasticity, amount of muscle tissue, hair and nail
quality, and oral mucus membranes. Laboratory evaluations can also be helpful
in looking at red cell mass, serum proteins and albumin, thyroid and sex hormone
levels, and serum amino acid levels. Though none of these tests are specific, if
low values are found, a protein deficiency may be the source.22,23

EXCESS PROTEIN INTAKE

For most people protein requirement is between 0.6 and 1.5 g of high biological
protein/kg/d.24,25 This is detailed in Table 6.2. In generally healthy persons who
can excrete nitrogen waste, consuming levels of protein two to three times the
recommended dietary allowance (RDA) is not harmful. Dietary protein consumed
over and above physiologic needs, is not stored. The nitrogen-containing amine
group is removed and the carbon skeleton is oxidized through pathways of glu-
cose or fat metabolism, and burned for fuel or stored as glycogen or fat. The nitro-
gen waste generated is excreted in the urine as either urea or ammonia. A Finnish
meta-review of the literature concluded that there is no evidence to suggest that
in the absence of overt disease that renal function is impaired by high-protein
diets or that bone density was worsened.26 In one recent study of bodybuilders
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with normal renal and hepatic function, on high-protein diets, the data revealed
that despite higher plasma concentration of uric acid and calcium, renal clear-
ances of creatinine, urea, and albumin that were within the normal range. Their
data concluded that protein intake under 2.8 g/kg did not impair renal function in
well-trained athletes during the time of the study.27,28

Persons with health conditions which limit protein, including liver and kidney
diseases, are not elaborated in this chapter. Obese persons seeking to reduce body
weight need to reduce total calorie consumption and may therefore wish to reduce

Protein 101

TABLE 6.2
Meeting daily protein/amino acid requirements

Recommended dietary allowances (RDA) for dietary protein

Age (years) RDA (g/d) RDA (g/kg/d)

Males
0–0.5 9.1 1.52
0.5–1 13.5 1.5
1–3 13 1.1
4–8 19 0.95
9–13 34 0.95
14–18 52 0.85
19–30 56 0.8
31–50 56 0.8
�50 56 0.8

Females
0–0.5 9.1 1.52
0.5–1 13.5 1.5
1–3 13 1.1
4–8 19 0.95
9–13 34 0.95
14–18 46 0.85
19–30 46 0.8
31–50 46 0.8
�50 46 0.8

Pregnancy
First trimester 71 1.1
Second trimester 71 1.1
Third trimester 71 1.1

Lactation
First 6 months 71 1.1
Second 6 months 71 1.1

Source: Adapted from the Dietary Reference Intakes Series, National
Academies Press. Copyright 1997, 1998, 2000, 2001, 2002, 2004, by the
National Academies of Sciences.
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protein calories. Catabolized protein has a caloric value of 4 cal/g, which is
similar to that of carbohydrate. Of prime concern is that diets high in protein may
also contain high saturated fat, low fiber, and high acid load. These concerns have
sometimes been overshadowed by the main point that people are more likely to
get too little protein than too much.

PROTEIN DEFICIENCIES — UNDERLYING CAUSES

There are many factors that can lead to protein deficiency. Lack of knowledge on
the part of the patient as to what constitutes a protein, and how much is needed
to meet daily requirements, is probably the first factor to consider. In addition,
high-quality proteins can be expensive. One recent article about the Atkins and
South Beach29 high-protein diets called attention to this fact by asking “Are you
rich enough to be thin?”

A third factor is that people with poor dentition or poor protein (or fat) diges-
tion self-select to eat less protein. Such things as dental issues that prevent
successful mastication will allow poorly chewed food to reach the stomach.
Commonly, persons taking antacids, H2 blockers, and proton pump inhibitors
have a functional achlorhydria, meaning stomach acid pHs will be in a near neu-
tral range of 6 to 7. As the pH rises above 4, pepsin activity decreases or stops.30

Hypochlorhydria and achlorhydria may also accompany aging, or may be due
to inadequate nutrition or other chronic illness leading protein digestion prob-
lems. Clinically we see that once protein deficiency has occurred, the body’s
ability to make hydrochloric acid and or digestive enzymes may be compromised
and a vicious circle could ensue starting with inadequate hydrochloric acid or
enzymes leads to further inability to digest protein leads to inability to make
hydrochloric acid.

As a further category, dieters who restrict protein intake or meals may also not
provide sufficient protein. As a special category for the over a million individuals
who have undergone bariatric surgery for extreme obesity, protein absorption
is a lifelong challenge. Gastric stapling results in diminished stomach capacity,
decreased volume of hydrochloric acid secretion, and drastically reduced calorie
intakes.

In vegan or vegetarian patients, special attention should be taken to make sure
protein requirements are being met. This is for several reasons. First, vegetable
proteins have amino acid make ups that are much lower in biological value than
animal proteins. Second, the quantity of protein per serving of vegetables is rela-
tively low. When these two factors are combined, low quality and low concentra-
tion, care must be taken to ensure adequate protein intake. To overcome these
potential deficiencies, Lappe in Diet for a Small Planet31 suggests that by com-
bining vegetable proteins that are complementary, the excesses and deficiencies
of each can be overcome to arrive at a more quality protein blend. Though many
cultures have had their intuitive solutions to this, such as combining beans and
rice, or garbanzos and sesame, when calculations are done as to grams of protein
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consumed, many will fall short of the World Health Organization (WHO)
suggested minimums. Prudence would suggest that vegetarians and vegans
should be monitored using lab, performance and physical exam parameters to
insure they meet protein requirements over the short and long term.32

In the hospital setting for patients with infection, surgery, or trauma, protein
nutrition is extremely important to minimize morbidity and mortality. Protein
is required for wound healing; hormone production to deal with stress from
unfamiliar environment and the illness itself; immune function to prevent noso-
comial illness and wound infections; prevention of bed sores; and muscle strength
to prevent falls.

Lactation and pregnancy are states of increased protein requirements
(Table 6.2). The protein content of breast milk is affected by the dietary protein
intake of the mother. An inadequate protein intake by the mother may lead to
impaired nutrition of the infant. Adequate amounts of essential proteins are
necessary to provide quality nutrition for the developing infant.

Protein-losing enteropathies and compromised renal function are less com-
mon causes of protein deficiency that require special treatment. Significant loss
of amino acids does not normally occur unless there is pathology in the kidney,
skin, or intestine.33

PROTEIN AND EXERCISE REQUIREMENTS

While it is not possible to state categorically, exercise generally increases protein
requirements. Endurance athletes on average have higher requirements than
bodybuilders due to the catabolic losses of lean body mass following intense
or prolonged aerobic exercise. Exercise also increases calorie expenditure and
amino acids may be used as energy sources during prolonged exercise, especially
if glucose needs are not met. This muscle catabolism may result in muscle sore-
ness, atrophy of muscle tissue, poor healing, or chronic injury.34

Current research indicates that athletes participating in intense training, have
protein requirements that are 1.5 to 2 times the RDA (of 0.8 g/kg/d) to maintain
positive nitrogen balance. This represents 105 to 140 g of protein for a 70 kg
athlete.35 That is, three to four large chicken breasts or 17 to 22 eggs per day
(Table 6.3). Those athletes who are training at high altitudes have an even higher
demand for protein which is as much as 2.2 g/kg/d.36

Current consensus is that following intense exercise athletes should ingest
a carbohydrate–protein mix (1 g/kg carbohydrate and 0.5 g/kg protein) within
30 min of completing exercise to accelerate glycogen and protein synthesis.37

PROTEIN AND SKELETAL MUSCLE

The body of a 70 kg male contains approximately 11 kg of protein. About 43% is
present in skeletal muscle. The breakdown of the other tissues, is skin (at 15%),
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blood (at 15%), liver and kidney (at 10%), and the other organs such as heart,
lung, brain, and bone make up the rest.38 In malnutrition, the collagen tends to be
retained whereas the actin and myosin, that is, skeletal muscle is lost.1 Therefore
skeletal muscle, which comprises over 40% of protein mass of the healthy person
is the largest contributor to protein loss.

PROTEIN AND BONE HEALTH

Issues in bone health, whether osteoporosis or healing fractures, are rarely
thought of as a protein deficiency problem. But since approximately 50% of bone
(by volume) is comprised of protein, sufficient dietary protein intake is manda-
tory to help maintain bone mass or regenerate new bone. This is discussed in
detail by Brown in her chapter on bone nutrition.

PROTEIN AND IMMUNE FUNCTION

Immune function is very sensitive to a lack of protein intake because of the high
cellular turnover rate of some immune cells and their messenger factors such as
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TABLE 6.3
Dietary protein sources

Food Protein (g) Food Protein (g)

Fish, meat, and poultry Legumes
Tuna, 3 oz drained 21.7 Tofu, 3 oz 6.9
Salmon, 3 oz 16.8 Black beans,* 1/2 cup 7.5
Ground beef,* 3 oz 25.7 Pinto beans,* 1/2 cup 7.0
Beef,* 3 oz 27.0 Garbanzo beans,* 1/2 cup 7.3
Chicken breast,* 3 oz 18.9 Nuts and seeds
Chicken, dark meat,* 3 oz 22 Peanut butter, 2 tbl 8.1
Turkey breast,* 3 oz 25.7 Almonds, 1 oz 5.4
Turkey, dark meat,* 3 oz 24.3 Sesame seeds, 1 oz 7.5

Fruits
Banana, 1 medium 1.2

Dairy Apple, large 0
Skim milk, 1 cup 8.3 Orange, large 1.7
Whole milk, 1 cup 7.9 Vegetables
Yogurt, low-fat, 1 cup 12.9 Corn,* 1/2 cup 2.2
Cottage cheese, 1 cup 28.0 Carrots,* 1/2 cup 0.8
American cheese, 1 oz 7.0 Green beans,* 1/2 cup 1.0
Egg,* 1 large 6.3 Green peas,* 1/2 cup 4.1

Potatoes, white,* 1/2 cup 1.2
*Cooked
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cytokines and antibodies. If the body’s intake of protein is insufficient its immune
cell posture can be altered and be compromised within days. Adequate amounts
of high biological proteins are necessary to keep total immune function at opti-
mal levels. Protein intake should be considered in athletes seeking to prevent viral
illness after intense competition.

PROTEIN AND RED BLOOD CELL PRODUCTION

Red blood cell (RBC) production also requires adequate dietary protein/amino
acid intake for cell structure and hemoglobin. Low RBC counts may be due not
only to the lack of certain vitamins (B12, folate) and minerals (iron), but also
to the lack of protein. Athletes and others with increased protein needs should
evaluate protein intake to prevent anemia.

PROTEIN AND INJURIES

When tissue is injured, dietary protein requirements increase. The body requires
extra proteins beyond normal daily requirements to optimize the recovery
process. Inadequate dietary protein intake can impair the healing of strained
ligaments, tendons, and muscle. Many athletes have greatly improved muscle
strength and reduced recovery periods by paying attention to protein intake in
their nutritional programs.

AMINO ACIDS AS THERAPEUTIC AGENTS

Sometimes when protein intake has been insufficient to meet physiologic needs,
then individual amino acids or combinations of them have been used as thera-
peutic agents on a short-term basis to influence a specific metabolic pathway. The
amounts required for such action are usually much more than for purely supple-
mentation purposes. Here is an overview of some of the amino acids that have
been used.

The amino acid tryptophan is a precursor to the sleep regulating hormone
melatonin. Pharmacologic doses have been used as a sleep generating hypnotic.
Tryptophan is also a precursor to serotonin and has been used in patients with
depression. There are reports showing that tryptophan is equal to prescription
selective serotonin reuptake inhibitors (SSRIs) in the treatment of depression.39,40

Another amino acid derivative is 5-hydroxytryptophan (5-HTP). It is the inter-
mediate metabolite between tryptophan and serotonin. 5-HTP is well absorbed
orally, even with food and can cross the blood–brain barrier and increase central
nervous system (CNS) synthesis of serotonin. Serotonin regulation is tied to
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depression, anxiety, sleep, appetite, aggression, and sexual behavior. 5-HTP has
been shown to be helpful for a variety of conditions, including depression, insomnia,
headaches, and fibromyalgia.41

As an historical aside, in 1989, 37 Americans died and over 5000 others
suffered severe disability with a painful blood disorder known as eosinophilia
myalgia syndrome (EMS) after over-the-counter (OTC) tryptophan supplement
use. The EMS was caused by a genetically engineered brand of tryptophan
manufactured by Showa Denko, Japan’s third largest chemical company. In
1988–1989 they began using a new process to genetically engineer the product
using bacteria. During the process the product became contaminated. The conta-
minant was felt to be the cause of the EMS. Once discovered, all tryptophan was
withdrawn from the market by the Food and Drug Administration (FDA). Due to
these events, tryptophan now requires a physician’s prescription.42

The branched chain amino acids (BCAAs) are leucine, isoleucine, and valine.
These essential amino acids differ from other essential amino acids because they
are mainly catabolized by the extrahepatic tissues, especially muscle. This allows
them to be broken down quickly and used in the Krebs cycle for energy by muscle
tissue. This may explain the muscle sparing effect associated with supplementa-
tion of these amino acids postexercise. Oral mixtures of BCAA have been used
to improve post exercise recovery and reduce muscle catabolism postexercise and
parenteral solutions have been used to improve nitrogen retention in postopera-
tive and septic patients.43,44

Arginine has been shown to stimulate both growth hormone and insulin in
human subjects, to reduce nitrogen loss in trauma and surgical patients, and
improve lymphocyte function in healthy human volunteers. There is also some
research showing that arginine will induce nitric oxide and be helpful in endothe-
lial dysfunction seen in cardiovascular disease and hypertension. Arginine and
lysine share the same intestinal and renal tubular transport proteins, so that if pro-
longed intake of high doses of lysine or arginine is given, a deficiency of the other
could occur.45,46

Glutamine is the most highly concentrated amino acid in muscle cells and
plasma. For this reason, glutamine supplementation has been associated with
benefits that include muscle sparing after workouts and growth hormone stimula-
tion. It may be helpful in sparing protein breakdown in postoperative and trauma
patients. Glutamine is also the preferred energy source for stimulated lympho-
cytes and the rapidly turning over intestinal mucosal cells.47–49

Carnitine and acetyl-L-carnitine have also been studied. In a recent report,
male aging was improved better with 2 g/d of acetyl-L-carnitine plus 2 g/d of
propionyl-L-carnitine than testosterone undecanoate 160 mg/d or placebo at
improving sexual function, mood, and fatigue in males age 60 to 74 years.50,51

N-Acetyl-cysteine (NAC) can induce glutathione production. Glutathione is
one of the most important intracellular antioxidants. Whey protein is a rich source
of NAC. It can be used as oral supplement to help prevent viral syndromes after
marathon.52
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Creatine has become a popular nutritional supplement among athletes. Over
500 research studies have studied its effects on muscle physiology and exercise
capacity in diverse populations. Supplementing creatine short term (e.g., 20 g/d
for 5 to 7 days) often increases total creatine content by 10 to 30% and phos-
phocreatine stores by 10 to 40%. Vegetarians have better responses than carni-
vores. A total of 70% of over 300 studies report statistically significant results as
the ergogenic value of creatine. The other 30% show no effect. No studies
showed ergolytic effects but muscle cramping can be a problem for some. The
ergogenic effects include improvement in maximal power/strength (5 to 15%),
work performed during sets of maximal effort muscle contractions (5 to 15%),
single-effort sprint performance (1 to 5%), and work performed during repetitive
sprint performance (5 to 15%). Creatine’s effects are best seen in high-intensity
exercise tasks rather than in endurance activities where they have not shown
benefit.53,54

SUMMARY

From the pregnant woman nurturing the fetus, to childhood growth through full
maturity, to the senior in the later stages of life, for the healthy, and for the
injured, protein is a key nutrient for optimum health and longevity. By ensuring
that the daily requirement of protein (and other essential nutrients) is met, the
individual’s body can in each stage of life, grow, maintain, and repair itself in the
best manner possible.
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INTRODUCTION

What are antioxidants? What role do they play in musculoskeletal health? What
is oxidative stress? How does it affect musculoskeletal health? In this chapter, we
seek to address these questions and to provide the most up-to-date information on
the subject of antioxidants and musculoskeletal health. This chapter is divided
into three sections. The first section covers antioxidant biochemistry, dietary
sources of antioxidants, and the detection of antioxidant compounds in humans.
The second defines oxidative stress, discusses the dynamic balance between
oxidation and reduction in the body, and describes methods for the measurement
of oxidative stress. The third section discusses the known and potential effects
of antioxidants on musculoskeletal health in relation to athletic performance,
disease, obesity, and aging.

Antioxidants

Gabriel Keith Harris, Ph.D. and
David J. Baer, Ph.D.
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Editor’s Note

Oxidation of human nucleic acids, proteins, and lipids might be compared to a more
readily visible, nonhuman form of oxidation — rust. Food contains thousands of
rust-fighting antioxidant nutrients and scientists continue to identify new antiox-
idant nutrients. Dietary antioxidants and antioxidants produced by the body itself
create a complex network of protection against oxidative damage. A clinical trial
of a diet high in antioxidants was shown to prolong survival.* Balanced calorie-
restricted diets, which also prolong life, are associated with decreased oxidation.
Antioxidant supplements used in known deficiency states and during intense
oxidative stress may enhance athletic competition and protect against arthritis,
obesity, osteoporosis, and muscle atrophy.

*de Lorgeril, M., et al., Mediterranean dietary pattern in a randomized trial: prolonged survival and
possible reduced cancer rate, Arch. Intern. Med., 158, 1181-1187, 1998.

THE BIOCHEMISTRY OF ANTIOXIDANTS

Defined chemically, antioxidants prevent, inhibit, or terminate oxidation reac-
tions, primarily those caused by free radicals. Free radicals are defined as mole-
cules that possess unpaired electrons. Since thermodynamics favors the pairing of
electrons, free radicals are highly reactive and tend to donate their odd electron to
other molecules. The molecule receiving this electron becomes a radical and can
continue the chain-reaction by passing its unpaired electron to other molecules.
Free radicals react with and alter the structure of carbohydrates, lipids, and, most
importantly, protein and DNA. These alterations in lipid and protein may result
in a temporary reduction in the function of the organ in question and, in the case
of DNA, permanent genetic damage. Free radical reactions may be caused by
oxygen, nitrogen, or sulfur-containing molecules, also referred to as reactive
oxygen, nitrogen, and sulfur species, respectively. Here we focus on reactive
oxygen species (ROS). With regard to the musculoskeletal system, accumulated
free radical damage could translate to a loss of muscle performance, a weakening
of bone, and an increase in joint inflammation. Antioxidants serve to protect
against this damage by preventing the formation of free radicals and other ROS
or inactivating them after their formation. A helpful analogy would be to think of
free radicals as fire, which is useful but potentially dangerous, and of antioxidants
as flame retardants and fire extinguishers.

Free radical formation can be initiated by several mechanisms, including per-
oxide cleavage, radiation, metal catalysis, and enzymatic action. Free radicals are
produced by or participate in numerous processes within the body, including
energy production, immunity, cell signalling, eicosanoid formation, the oxidation
of catecholamines, and the peroxidation of lipids. During the course of energy
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production in the mitochondria, the ROS hydrogen peroxide and superoxide
are formed. These ROS can “leak” out of the mitochondria and cause damage
within the host cell or in adjacent cells. Immune cells, such as neutrophils and
macrophages, are capable of producing superoxide, hydrogen peroxide, and nitric
oxide, a form of reactive nitrogen, when responding to infection or inflammation.
Cell signaling is partially reliant on reversible oxidations to carry information
from the exterior to the interior of the cell. The formation of eicosanoids, such as
prostaglandins and leukotrienes, results in the formation of the ROS superoxide.
The oxidation of catecholamines, such as adrenaline, also contributes to the total
burden of ROS in the body and may represent a link between stress (which is
associated with high catecholamine levels) and disease.1

One of the most common forms of free radical-driven oxidation is lipid per-
oxidation. Lipid peroxidation can have dramatic destabilizing effects on cell
membranes, which are composed largely of lipids. Alterations in the structural
integrity of cell membranes, in turn, have a direct impact on the health and func-
tion of organ systems. Lipid peroxidation reactions proceed through three
steps: initiation, propagation and termination. Figure 7.1 illustrates initiation and
propagation reactions.

Initiation involves the formation of a lipid radical (R·). The propagation step
involves the reaction of a free radical with oxygen to form a peroxyl radical
(ROO·). This peroxyl radical can react with a lipid molecule (RH) to form a per-
oxide (ROOH) and another (R·) lipid radical. Peroxides can be degraded to form
additional free radical species. Since each radical can theoretically give rise to
two others via the reactions outlined in Figure 7.1, the rate of lipid oxidation can
increase logarithmically over time. The termination step is the reaction of free
radicals with one another or with antioxidants to form unreactive products.

Antioxidants work through at least two basic mechanisms: the prevention of
free radical formation and the inhibition or termination of free radical reactions.
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FIGURE 7.1 Lipid peroxidation and peroxide degradation.

DK6006_C007.qxd  11/11/2005  2:50 PM  Page 113



As Figure 7.2 illustrates, some antioxidants prevent the initial formation of free
radicals (R·). These preventive antioxidants include chelators, which bind the
metals that induce free radical reactions, and enzymes that degrade peroxides,
such as catalase and glutathione peroxidase. Other antioxidants inhibit free radi-
cal reactions by slowing them down or terminate them by stopping them alto-
gether. Antioxidants that function in these ways do so by accepting radicals and
becoming radicals themselves. Antioxidant radicals tend to be stable, and not pass
on their unpaired electron. In this way, they effectively stop free radical chain
reactions. The earlier free radical reactions are stopped, the lower the risk of
tissue damage.

Any compound that acts as an antioxidant must be somewhat reactive. Due to
this reactivity, antioxidants can switch roles and act as pro-oxidants if present at
excessively high concentrations. Beta-carotene, which is responsible for the
orange color of pumpkins and squash, has been shown to act as an antioxidant at
low concentrations and as a prooxidant at high concentrations.2 Thus, it is possi-
ble to have “too much of a good thing” as far as antioxidants are concerned. The
key to preventing oxidative damage appears to be to have the right antioxidant
present at the right time and place, and at the right concentration. The body is
amazingly adept at doing just that.

EXOGENOUS AND ENDOGENOUS SOURCES
OF ANTIOXIDANTS

The body relies on a wide variety of antioxidants to control free radical forma-
tion. There are two basic types of antioxidants, exogenous and endogenous.
Exogenous antioxidants are those consumed as food or in supplement form.
Endogenous antioxidants are those produced by the body itself. The blood levels
of the endogenous antioxidants uric acid, ceruloplasmin, and albumin are approx-
imately 10, 100, and 10,000 times greater, respectively, than those of the exoge-
nous antioxidants vitamins C and E.3 This observation has led some researchers
to believe that exogenous antioxidants, aside from vitamins, are unimportant
relative to their endogenous counterparts. Despite their relatively low levels,
however, numerous studies have shown that the consumption of antioxidants in
food or supplement form measurably affects urinary and blood markers of antiox-
idant status. This indicates that exogenous antioxidants serve important functions
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even when present at very low concentrations. Currently, it is not clear what
percentage of the burden of oxidative stress is shouldered by exogenous vs.
endogenous antioxidants. What is clear is that foods high in antioxidant capacity
are capable of reducing oxidative stress when consumed in appropriate amounts.

Exogenous antioxidants are a highly diverse group of compounds, the over-
whelming majority of which come from plant sources. Since they come from
plants, they are often referred to as phytochemicals. They include vitamins,
flavonoids, carotenoids, and other compounds. Phytochemicals are often plant
pigments. Anthocyanins, a class of flavonoids, are responsible for the red, blue
and purple colors in strawberries, blueberries, and raspberries. Lycopene, a
carotenoid, is responsible for the red color of tomatoes, watermelon, guava, and
pink grapefruits. Over 4000 types of flavonoids and 500 types of carotenoids
have been identified from fruits and vegetables.4 Some nutraceutical supplements
are concentrated exogenously obtained antioxidants which the body produces
endogenously. Examples include glutathione and coenzyme Q10. Table 7.1 lists
exogenous antioxidants commonly found in the diet or consumed as supplements.

Since exogenous antioxidants must pass through the digestive tract, the
degree of absorption and the metabolism of exogenous antioxidants before and
after absorption affect their efficacy in the body. Diet has a profound effect on the
absorption of antioxidants. For example, carotenoids are fat soluble. Eating
carotenoids with fat generally increases their absorption. In many cases, only a
small percentage of exogenous antioxidants consumed in foods or as supplements
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TABLE 7.1
Common exogenous antioxidants

Type Antioxidant Primary food sources

Vitamins Vitamin A Liver
Beta-carotene (previtamin A) Orange and yellow vegetables
Ascorbic acid Fresh fruits
Tocopherols and tocotrienols Whole grains, plant oils

Phytochemicals Carotenoids Orange, red, and yellow vegetables
Chlorophyll Dark green vegetables
Curcuminoids Turmeric
Flavonoids Tea, onions, berries, chocolate, wine
Lignan and lignin Edible seeds
Organic acids Fruits
Sterols Plant oils
Terpenes Plant oils

Other Coenzyme Q10 Meat, nuts
Glutathione Meat, milk
Lipoic acid Organ meats, spinach
N-Acetylcysteine Meat, eggs, oats
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is absorbed. This may actually be beneficial since very high levels of any one
antioxidant can be detrimental. Finally, absorption may not always be necessary
to affect health. The presence of antioxidants in the digestive tract may benefit
health by preventing the oxidation of food lipids as they pass through the diges-
tive tract, even if the antioxidants themselves are not absorbed. Because exoge-
nous antioxidants are metabolized extensively by gut bacteria, by intestinal cells,
and by the liver, it may be just as important to study the antioxidant properties of
phytochemical metabolites as those of the original compounds.

Endogenous antioxidants include small molecules such as glutathione, large
proteins, such as albumin, and enzymes that degrade ROS, such as catalase.
Table 7.2 lists major endogenous antioxidants. Because of differing chemical
structures, antioxidants vary widely in solubility and other chemical properties.
This, in turn, affects the final location of antioxidants in the body. Lipid-soluble
antioxidants such as lipoic acid, coenzyme Q10, and vitamin E associate with
fat, cholesterol, and other lipids. Vitamin C, glutathione, and catechins are water
soluble and are found in aqueous body compartments, such as blood plasma.
Because of their distribution throughout the body, exogenous and endogenous
antioxidants together form a protective network which is remarkably effective at
preventing oxidative cell damage.

Regardless of the source of the antioxidant (food, supplements, endogenous
production) several general principles apply to all of them. The first is that the
effectiveness of antioxidants is directly related to the antioxidant to oxygen ratio.
Some antioxidants, such as flavonoids, function well when the oxygen concen-
tration is high. Others, such as carotenoids, function well when the oxygen con-
centration is low.2,5 Oxygen concentration is, in turn, affected by the part of the
body in question and the activity level of the individual. Organs such as the lungs
are exposed to high oxygen concentrations due to their direct contact with air.
Muscle, on the other hand, may be poorly supplied with oxygen if an individual
is temporarily exercising beyond the body’s capacity to replace oxygen. For
this reason, it is important to consume a wide variety of antioxidants via the daily
consumption of fruits and vegetables and the sensible use of supplements.
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TABLE 7.2
Endogenous antioxidants

Albumin Glutathione
Billirubin Glutathione peroxidase
Catalase lLactoferrin
Ceruloplasmin Superoxide dismutase
Coenzyme Q10 Transferrin
Estradiol Uric acid
Ferritin
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THE DYNAMIC BALANCE OF OXIDATION
AND REDUCTION

In order to remain alive, the human body must maintain a dynamic equilibrium
between oxidation and reduction. This balance will always be slightly in favor of
oxidation, since it is through oxidation that we derive energy. It is important to
remember that just as antioxidants have their role in the human body, so do free
radicals. Radicals such as nitric oxide deliver key signals that affect muscle
contraction and blood pressure. Reversible oxidations involving hydrogen per-
oxide appear to activate important systems of intracellular communication known
as mitogen-activated protein kinase, or MAPK pathways.

When oxygen levels are very high or very low, muscle performance is
impaired and damage can result. Oxidative stress is an imbalance in oxidation and
reduction reactions that favors oxidation; it results from an excess of free radical
formation or a deficit of antioxidant protection. Oxidative stress has been shown
to reduce several measures of muscle performance such as whole muscle contrac-
tility, myocyte calcium flux, and sarcomere shortening in mice.6 Antioxidants were
shown to lower muscle contractility in rats, although endurance was increased.7

This reinforces the idea that a balance between oxidation and reduction must be
maintained for maximal muscle function. It also suggests that the oxidative
balance required for strength may be different than that required for endurance.

Oxidative stress can affect the long-term health of the musculoskeletal system
because it can result in permanent genetic damage and can affect gene expression.
Both the nucleus and the mitochondria, the energy-producing organelles of the cell,
contain DNA. Damage to mitochondrial DNA can negatively impact energy pro-
duction. Free radicals have the ability to increase the expression of genes related to
inflammation, which, when manifested in diseases such as osteoarthritis, can affect
the performance of the entire musculoskeletal system. It has estimated that 100,000
DNA strand breaks occur per cell per day, many of them related to oxidative
damage.8 Of these, the majority affect “renewable resources” such as sugars, pro-
teins, lipids, or even RNA. Some cause easily repairable DNA damage. However,
if even 0.1% of these events caused permanent DNA mutations, this would repre-
sent 100 mutations per cell per day. While large parts of the genome can be mutated
without affecting cell function, mutation of key genes drastically affects not only
organ function and performance, but chronic disease risk as well.

Because of the potential damage that can result from oxidative stress, the
body has many systems in place to keep free radical formation in check. These
systems are not perfect, however, and become less so as we age. In conditions of
oxidative stress, the body upregulates the production of antioxidant enzymes and
the blood levels of antioxidants such as uric acid and vitamin E increase.
Interestingly, some evidence indicates that the intake of high levels of exogenous
antioxidants may actually lower the levels of naturally occurring antioxidants
in the blood. These changes in exogenous antioxidant levels appear to be an
attempt to maintain homeostasis and suggest that the body may have an oxidative
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“set-point.” ROS levels can vary dramatically, depending on activity level, dietary
status, and general health.

ROS are constantly being formed as a result of normal metabolism. The for-
mation of ROS increases rapidly under conditions such as hypoxia or aerobic
exercise. If endogenous antioxidant levels or consumption of exogenous antioxi-
dants are low, oxidative stress will result. In addition, lifestyle factors, such as
smoking, excessive alcohol consumption, and intense exercise can also contribute
to oxidative stress. Based on this information, it is possible that antioxidant sup-
plements may be most effective in populations where oxidative status is compro-
mised. Clinical applications are being investigated and are likely to include
intense exercise, smoking, ischemia-related conditions, such as heart attacks and
strokes, and advanced age.

QUANTIFYING OXIDATIVE STRESS

Because of the ephemeral nature of free radicals, with half-lives measured in sec-
onds or even milliseconds, their direct detection is difficult. The measurement of
oxidative stress in humans may be done in one of two ways: through the measure-
ment of specific oxidation products or through global measures of oxidative stress.
Table 7.3 lists common measures of oxidative stress. Specific measures allow
researchers to track increases in the level of target compounds due to oxidative
stress and decreases as a result of antioxidant treatment. Examples include the
ferrous xylenol orange (FOX) assay, which measures peroxides, and 8-OHdG, a
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TABLE 7.3
Methods of quantifying oxidative stress in humans

Assay type Measures Sourcea

Specific measure 4-Hydroxy-2-nonenal P
8-Hydroxy-2�-deoxyguanosine (8-OHdG) BC, Sa, U
Acetone, ethylene, ethane, isoprene, or pentane G
Isoprostane F2-alpha P, U
LDL oxidation P, S
Peroxides: ferrous xylenol orange (FOX) P
Malondialdehyde P, Sa, U
Oxidized vs. reduced glutathione BC
Methionine and tyrosine oxidation products P

Total antioxidant Ferric reducing ability of plasma (FRAP) P
Oxygen radical absorbance capacity (ORAC) P
Total radical-trapping absorbance potential (TRAP) P

aSources of oxidative stress measures: S, serum; BC, blood cells; G, breath gases; P, plasma;
Sa, saliva; U, urine.
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measure of hydroxyl radical-induced DNA damage. Global measures, such as
oxygen radical absorbance capacity (ORAC), ferric reducing ability of plasma
(FRAP), or total radical-trapping absorbance potential (TRAP) are often referred
to as measures of “total antioxidant capacity” because they do not measure
specific oxidation products. They measure how resistant fluids such as blood
and saliva are to oxidation over time. The antioxidant status of the human body
can be determined by sampling whole blood, specific blood fractions or cell
types, urine, saliva, and exhaled breath gases. Although blood-derived markers
are often considered to be the “gold standard” for the measurement of oxidative
stress, other measures that are more easily obtained have become increasingly
popular. Thus, the effects of any free radical or oxidizing substance present are
accounted for by “total antioxidant capacity” methods even though the specific
ROS involved will not be identified. Regardless of the sample source, it is impor-
tant to use several methods to quantify oxidative stress, because numerous factors
can affect the performance of each assay. In the future, it may be possible to
measure free radical formation real time in humans, but this technology is still
under development. Until then, the state of the art will be the measurement of
oxidation products.

ANTIOXIDANTS AND ATHLETIC PERFORMANCE

Can antioxidants counteract the oxidative stress caused by musculoskeletal injury
or by exercise? What factors affect oxidative stress during exercise? Can a diet
rich in antioxidants or antioxidant supplements improve athletic performance?
Do antioxidants speed recovery from acute injury or from regular exercise? In
this section, we will address these questions using the most current data available.

Both musculoskeletal injuries, a common result of contact sports, and exer-
cise, which is itself a mild form of injury, can induce oxidative stress and inflam-
mation. Injuries to muscle, ligament, or bone, cause free radical formation.
Animal data indicate that ligament injury causes production of nitric oxide.
Although nitric oxide is involved in the maintenance of a healthy vasculature, its
overproduction can result in free radical damage and the apoptotic death of
cartilage-producing chondrocytes, thus causing joint degradation.9 The extent to
which muscle is damaged by exercise is influenced by the type of exercise, as
well as its duration and intensity. Aerobic exercise has been shown to increase
circulating levels of lipid peroxides. Exercise also causes recruitment of immune
cells: first neutrophils, then lymphocytes and macrophages to the exercising
muscles. All of these cells are capable of producing free radicals and releasing
inflammatory mediators. Figure 7.3 illustrates the interaction of the circulatory,
immune, and muscular systems in the generation and inactivation of ROS in
working muscle. These radicals may worsen the damage done by the original
injury. In contrast, regular exercise increases free radical production, but also
increases the levels of endogenous antioxidants such as glutathione and uric acid,
potentially canceling negative effects.10,11
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Several factors, including exercise frequency and intensity, gender, and age
affect exercise-induced oxidant stress. Regular exercise of moderate or vigorous
intensity increases endogenous antioxidant defenses, but extremely intense exer-
cise increases oxidative stress, especially for individuals who are overweight or
sedentary. For this reason, persons who are sedentary during the week and engage
in sports on the weekend may benefit from antioxidants.

Antioxidants supplements do not appear to improve athletic performance over
the short term. Vitamin E supplementation for 2 months prior to the Kona
Ironman Triathlon did not affect performance, but actually increased several mea-
sures of oxidative stress.12 As noted earlier, antioxidants may have pro-oxidant
activity when present at very high concentrations, as this example appears to
demonstrate. The effects of gender on oxidant stress are controversial. Some
authors suggest that due to the antioxidant effects of estrogen compounds, women
have a greater resistance to oxidative stress than men.13 Surprisingly, a study of
Ironman triathletes found that men experienced greater reductions in oxidative
stress postrace than women due to an increase in estradiol and a decrease in
testosterone levels.14 This indicates that the antioxidant needs of men and women
involved in regular exercise programs are different, even after adjusting for dif-
ferences in body weight. Irregular exercise appears to do more damage to the
aged than to the young, but the aged are often less active, so it is difficult to
separate the effects of aging per se from those of inactivity. In contrast, elderly
persons engaging in regular resistance training show reductions in exercise-
induced oxidative stress (lipid peroxides and malondialdehyde) and increases in
endogenous antioxidant (glutathione) levels.15

If antioxidants do not enhance performance, do they benefit the athlete in any
way? Maybe. Animal studies have shown that antioxidant pre-treatment can
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FIGURE 7.3 Interaction of the circulatory, immune and musculoskeletal systems in rela-
tion to ROS production.
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enhance exercise performance, but human studies have failed to do so, except in
the most extreme conditions. One explanation for this inconsistency may be that
humans have a superior system of endogenous antioxidants relative to the rodents
typically used as test subjects, so that, in humans, no additional benefits are
evident with supplementation above and beyond those observed for a healthy diet.
Most human studies have found no enhancing effect of antioxidants on perfor-
mance. Despite a lack of evidence for performance enhancement, there is limited
evidence suggesting that antioxidants may enhance recovery and prevent minor
damage caused by exercise.16 By preventing or reducing repetitive damage to
muscle, connective tissue and bone, antioxidants may reduce the risk of injuries
and, possibly, lengthen athletic careers.

ANTIOXIDANTS AND OXIDATIVE STRESS IN
MUSCULOSKELETAL DISEASE AND AGING

One of the most basic questions with regard to oxidative stress and disease is,
“What comes first, the radical or the disease?” Often, but not always, the radical
appears to come first. Free radicals and the oxidative stress they cause appear to
play a part in the initiation of disease, and in the degenerative processes of aging.
Musculoskeletal diseases associated with oxidative stress include muscular dys-
trophy, arthritis, and osteoporosis.17–19 The disease process itself can result in the
formation of additional free radical species, further increasing the possibility of
oxidative damage.4 Muscular dystrophy is associated with elevated measures of
oxidative stress and with elevated levels of endogenous antioxidants. Elevated
levels of lipid peroxides, malondialdehyde, and of the antioxidant ceruloplasmin
have been observed in patients with hereditary muscular dystrophy.20 In mice,
vitamin E deficiency can induce muscular dystrophy, while mice afflicted with
the disease display elevated expression of antioxidant enzymes, indicating that
oxidative stress may play a role in its etiology. Unfortunately, attempts to slow or
reverse the course of muscular dystrophy with antioxidants have so far been
unsuccessful.

Of the approximately 100 inflammatory diseases grouped under the general
term “arthritis,” at least two types, osteoarthritis and rheumatoid arthritis have
been linked to free radical damage. Osteoarthritis causes loss of connective tissue
and an erosion of bone. High doses of vitamins C and E, as well as beta-carotene
and selenium have been reported to improve the symptoms of this disease.
Rheumatoid arthritis can result in debilitating joint stiffness and deformity and is
characterized by the presence of immune cells in joint tissue, by elevated levels
of nitric oxide, 8-OHdG, and by malondialdehyde. Some studies have indicated
that antioxidants may prevent or inhibit rheumatoid arthritis, but more studies
need to be conducted in order to confirm these observations. Exercise does not
reduce oxidative stress in rheumatoid arthritis patients, suggesting that antioxi-
dant supplementation may be beneficial in this case.18 Despite increased markers
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of oxidative stress, such as 8-OHdG and malondialdehyde, rheumatoid arthritis
patients also demonstrate elevated levels of plasma and salivary antioxidants,
such as ceruloplasmin, indicating an attempt by the body to enhance antioxidant
status.21 See the chapter entitled “Osteoarthritis” for more information on the
effects of nutrition on osteoarthritis.

Osteoporosis is a condition in which bone is progressively demineralized,
decreasing bone strength and increasing the possibility of fractures. Free radical
signaling is involved in the normal remodeling of bone, as well as in bone healing
postfracture. Antioxidant status has been linked to a reduction in fractures, sug-
gesting that while free radicals are necessary for bone metabolism, oxidative
stress may accelerate osteoporosis. There is great interest in the effects of phy-
toestrogens, most of which are derived from soy products and some of which
possess antioxidant activity, on osteoporosis. So far, soy studies have produced
mixed results.22 Although measures of oxidative stress were not significantly
increased, the levels of exogenous and endogenous antioxidants are decreased in
women suffering from osteoporosis.23

Two general models of aging have been proposed. One model suggests that
aging results from the accumulation of damage over time. Based on this theory,
maximum life span is achieved by avoiding oxidative stress and other DNA-
damaging agents.24 A second model of aging indicates that there is a genetically
determined maximum lifespan and although lifestyle choices may shorten it, it
cannot be lengthened.25 Based on the most recent literature, it would appear that
both theories have some validity. Calorie restriction, the only intervention con-
sistently shown to lengthen lifespan in animal models, supports the free radical
theory of aging because excessive calorie consumption increases ROS production
and can cause oxidative stress.26

Can antioxidants extend life span? Animal models of lifetime antioxidant use
generally show no affect on lifespan, but have shown effects on disease symp-
toms. This may indicate that antioxidants can increase the quality but not the
quantity of life. In humans, measures of oxidative stress rise with age. At the same
time, the blood levels of the endogenous antioxidants uric acid, endogenous
antioxidant enzymes, and blood levels of vitamin E rise, in an apparent attempt
by the body to counteract oxidative stress. These increases may continue up to
age 80.27,28 While the levels of some antioxidants increase with age, vitamin C
levels do not change. The levels of other antioxidants, such as coenzyme Q10,
decline over time.29 Although the system of antioxidants and DNA repair is never
perfect and oxidative damage continually occurs at all ages, the rate of DNA and
protein damage increase with time. Thus, it appears that at some point oxidative
stress outpaces the ability of endogenous antioxidants to counteract it. The point
at which this occurs may be influenced by lifestyle factors such as smoking, alcohol
consumption, and the activity level of the individual. This may be the point at
which antioxidant supplements could be utilized to prevent excessive damage to
the musculoskeletal system.
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ANTIOXIDANTS AND OXIDATIVE STRESS IN PRE- AND
POSTOPERATIVE STATES

Operative procedures may call for a temporary interruption or reduction of blood
flow (also known as ischemia) to particular areas of the body. When blood flow
is restored (also known as reperfusion) reactive oxygen species are formed and
oxidative stress results. It may seem paradoxical that a lack of oxygen results in
oxidative stress, however, it appears that hypoxia primes tissue for oxidative
stress by reducing the antioxidant defenses and increasing the activity of enzymes
capable of producing free radicals. Pretreatment with antioxidants has been
shown to reduce the damage associated with ischemia/reperfusion.30

ANTIOXIDANTS AND OXIDATIVE STRESS IN OBESITY

Although genes do play a role in obesity, chronic overconsumption of food and a
sedentary lifestyle are important contributing factors. Both overeating and a lack
of exercise have been shown to cause oxidative stress. Rats prevented from exer-
cising showed decreases in total antioxidant capacity and in antioxidant enzyme
levels, and increases in markers of oxidative stress.31 Persons who are obese may
not consume a diet containing sufficient antioxidants. Obesity is associated with
low serum levels of the antioxidant vitamins A and E.32 It is not clear if this is due
to insufficient antioxidant intake, to increased oxidative stress, to a greater ability
to store fat-soluble antioxidants, or to a combination of these factors.

Can antioxidants inhibit or prevent the damage associated with obesity? The
answer appears to be yes. Antioxidants do appear to alleviate some of the oxida-
tive stress associated with obesity. Studies of noninsulin dependent diabetics,
who are often obese, indicate that the antioxidant lipoic acid alleviates both the
oxidative stress and the symptoms associated with this disease.33 Do antioxidants
aid in weight loss or help to reduce percent body fat? Animal data indicate that
this may be possible, but human data are lacking. Even if there are no direct
effects on body fat, encouraging obese persons to consume more antioxidants by
consuming more fruits and vegetables may reduce the caloric density of the diet,
indirectly resulting in fat loss.

SUMMARY

In this chapter, we have discussed antioxidant biochemistry and sources, as well as
the role antioxidants play in the musculoskeletal system in health and disease.
Oxidative stress results from intense exercise, disease, surgical procedures, and
obesity, and contributes to the physical “wear and tear” associated with aging. In
response to these conditions, the body often upregulates the production of endoge-
nous antioxidants. Antioxidants, whether dietary, supplemental, or endogenous,
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can dramatically reduce oxidative stress, potentially reducing long-term damage.
Antioxidants show promise for the inhibition of exercise-induced muscle damage,
the enhancement of postexercise recovery, the prevention of arthritis, the reduction
of ischemia-induced tissue damage, and the prevention of oxidative damage
induced by obesity. Finally, while antioxidants may not extend life span, they
may be capable of increasing the quality of life by preventing injury and reduc-
ing the severity of age-related musculoskeletal diseases.

REFERENCES

1. Vanitallie, T.B., Stress: a risk factor for serious illness, Metabolism, 51, 40–45,
2002.

2. Zhang, P. and Omaye, S.T., Antioxidant and prooxidant roles for beta-carotene,
alpha-tocopherol and ascorbic acid in human lung cells, Toxicol. In Vitro, 15, 13–24,
2001.

3. Beers, M.H. and Berkow, R., The Merck Manual of Diagnosis and Therapy, 17th ed.,
Merck and Company, Inc., 2004.

4. Hollman, P.C. and Katan, M.B., Dietary flavonoids: intake, health effects and
bioavailability, Food Chem. Toxicol., 37, 937–942, 1999.

5. Zheng, Y., Wang, C.Y., Wang, S.Y., and Zheng, W., Effect of high-oxygen atmos-
pheres on blueberry phenolics, anthocyanins, and antioxidant capacity. J. Agric. Food
Chem., 51, 7162–7169, 2003.

6. Lawler, J.M. and Powers, S.K., Oxidative stress, antioxidant status, and the contracting
diaphragm, Can. J. Appl. Physiol., 23, 23–55, 1998.

7. Khawli, F.A. and Reid, M.B., N-Acetylcysteine depresses contractile function and
inhibits fatigue of diaphragm in vitro, J. Appl. Physiol., 77, 317–324, 1994.

8. Saul, R.L. and Ames, B.N., Background levels of DNA damage in the population,
Basic Life Sci., 38, 529–535, 1986.

9. Hashimoto, S., Takahashi, K., Amiel, D., Coutts, R.D., and Lotz, M., Chondrocyte
apoptosis and nitric oxide production during experimentally induced osteoarthritis,
Arthritis Rheum., 41, 1266–1274, 1998.

10. Ohkuwa, T., Sato, Y., and Naoi, M., Glutathione status and reactive oxygen genera-
tion in tissues of young and old exercised rats, Acta Physiol. Scand., 159, 237–244,
1997.

11. Bailey, D.M., Young, I.S., McEneny, J., Lawrenson, L., Kim, J., Barden, J., and
Richardson, R.S., Regulation of free radical outflow from an isolated muscle bed in
exercising humans, Am. J. Physiol. Heart. Circ. Physiol., 287, H1689–H1699, 2004.

12. Nieman, D.C., Henson, D.A., McAnulty, S.R., McAnulty, L.S., Morrow, J.D.,
Ahmed, A., Heward, C.B., Vitamin E and immunity after the Kona Triathlon World
Championship, Med. Sci. Sports Exerc., 36, 1328–1335, 2004.

13. Tiidus, P.M., Estrogen and gender effects on muscle damage, inflammation, and
oxidative stress, Can. J. Appl. Physiol., 25, 274–287, 2000.

14. Ginsburg, G.S., O’Toole, M., Rimm, E., Douglas, P.S., and Rifai, N., Gender differ-
ences in exercise-induced changes in sex hormone levels and lipid peroxidation in
athletes participating in the Hawaii Ironman triathlon. Ginsburg-gender and exercise-
induced lipid peroxidation, Clin. Chim. Acta, 305, 131–139, 2001.

124 Scientific Evidence for Musculoskeletal, Bariatric, and Sports Nutrition

DK6006_C007.qxd  11/11/2005  2:50 PM  Page 124



15. Vincent, K.R., Vincent, H.K., Braith, R.W., Lennon, S.L., Lowenthal, D.T.,
Resistance exercise training attenuates exercise-induced lipid peroxidation in the
elderly, Eur. J. Appl. Physiol., 87, 416–423, 2002.

16. Thompson, D., Williams, C., McGregor, S.J., Nicholas, C.W., McArdle, F., Jackson,
M.J., Powell, J.R., Prolonged vitamin C supplementation and recovery from demanding
exercise, Int. J. Sport Nutr. Exerc. Metab., 11, 466–481, 2001.

17. Murphy, M.E. and Kehrer, J.P., Free radicals: a potential pathogenic mechanism in
inherited muscular dystrophy, Life Sci., 39, 2271–2278, 1986.

18. Rall, L.C., Roubenoff, R., Meydani, S.N., Han, S.N., and Meydani, M., Urinary
8-hydroxy-2�-deoxyguanosine (8-OHdG) as a marker of oxidative stress in rheuma-
toid arthritis and aging: effect of progressive resistance training, J. Nutr. Biochem.,
11, 581–584, 2000.

19. Basu, S., Michaelsson, K., Olofsson, H., Johansson, S., and Melhus, H., Association
between oxidative stress and bone mineral density, Biochem. Biophys. Res.
Commun., 288, 275–279, 2001.

20. Hunter, M.I. and Mohamed, J.B., Plasma antioxidants and lipid peroxidation products
in Duchenne muscular dystrophy, Clin. Chim. Acta, 155, 123–131, 1986.

21. Nagler, R.M., Salameh, F., Reznick, A.Z., Livshits, V., and Nahir, A.M., Salivary
gland involvement in rheumatoid arthritis and its relationship to induced oxidative
stress, Rheumatology, 42, 1234–1241, 2003.

22. Kreijkamp-Kaspers, S., Kok, L., Grobbee, D.E., de Haan, E.H.F., Aleman, A.,
Lampe, J.W., and van der Schouw, Y.T., Effect of soy protein containing isoflavones
on cognitive function, bone mineral density, and plasma lipids in postmenopausal
women: a randomized controlled trial, J. Am. Med. Assoc., 292, 65–74, 2004.

23. Maggio, D., Barbani, M., Pierandrei, M., Polidori, M.C., Catani, M., Mecocci, P.,
Senin, U., Pacifici, R., and Cherubini, A., Marked decrease in plasma antioxidants in
aged osteoporitic women: results of a cross-sectional study, J. Clin. Endocrinol.
Metab., 88, 1523–1527, 2003.

24. Gianni, P., Jan, K.J., Douglas, M.J., Stuart, P.M., and Tarnopolsky, M.A., Oxidative
stress and the mitochondrial theory of aging in human skeletal muscle, Exp.
Gerontol., 39, 1391–1400, 2004.

25. Purdom, S. and Chen, Q.M., Linking oxidative stress and genetics of aging with p66Shc
signaling and forkhead transcription factors, Biogerontology, 4, 181–191, 2003.

26. Meydani, M., Nutrition interventions in aging and age-associated disease, Ann. N Y
Acad. Sci., 928, 226–235, 2001.

27. Masafumi, K., Fujiko, A., Akihisa, I., and Hiroshi, S., Effect of aging on serum uric
acid levels: longitudinal changes in a large Japanese population group, J. Gerontol.
A Biol. Sci. Med. Sci., 57, M660–M664, 2002.

28. Papas, A., Antioxidant Status, Diet, Nutrition, and Health, CRC Press, Washington,
DC, 1999.

29. Lass, A., Kwong, L., and Sohal, R.S., Mitochondrial coenzyme Q content and aging,
Biofactors, 9, 199–205, 1999.

30. Marczin, N., El-Habashi, N., Hoare, G.S., Bundy, R.E., and Yacoub, M.,
Antioxidants in myocardial ischemia-reperfusion injury: therapeutic potential and
basic mechanisms, Arch. Biochem. Biophys., 420, 222–236, 2003.

31. Lawler, J.M., Song, W., and Demaree, S.R., Hindlimb unloading increases oxidative
stress and disrupts antioxidant capacity in skeletal muscle, Free Radic. Biol. Med.,
35, 9–16, 2003.

Antioxidants 125

DK6006_C007.qxd  11/11/2005  2:50 PM  Page 125



32. Viroonudomphol, D., Pongpaew, P., Tungtrongchitr, R., Changbumrung, S.,
Tungtrongchitr, A., Phonrat, B., Vudhivai, N., and Schelp, F.P., The relationships
between anthropometric measurements, serum vitamin A and E concentrations and
lipid profiles in overweight and obese subjects, Asia Pac. J. Clin. Nutr., 12, 73–79,
2003.

33. Packer, L., Kraemer, K., and Rimbach, G., Molecular aspects of lipoic acid in the
prevention of diabetes complications, Nutrition, 17, 888–895, 2001.

126 Scientific Evidence for Musculoskeletal, Bariatric, and Sports Nutrition

DK6006_C007.qxd  11/11/2005  2:50 PM  Page 126



CONTENTS

How the Body Manages Drought  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
How Water Transport is Challenged in the Obese State  . . . . . . . . . . . . . . . . 128
How Water Helps Maintain Cellular Health  . . . . . . . . . . . . . . . . . . . . . . . . 129
How Dehydration May Contribute to Knee Osteoarthritis  . . . . . . . . . . . . . . 130
How Dehydration May Exacerbate Back Pain . . . . . . . . . . . . . . . . . . . . . . . 132
How Water Reduces Food Intake  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
How to Put Hydration into Practice  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

Since the body is dependent on dietary intake of water, water is generally
considered an essential nutrient. The amount of water consumed among individ-
uals varies considerably, and the ideal amount of water intake for any given indi-
vidual has not been scientifically established. Water has several physiologic
functions: a solvent, a shape-friendly packing material, and a means of transport.
Water may also have less characterized roles.

Generally, drinking water is a response to thirst. Thirst is induced by vaso-
pressin release, which occurs in response to a 1% shift in osmolality, and thirst per-
ception decreases with age.1 As thirst perception declines, total water intake
declines. Total body water declines with age: the human fetus is 80% water, the
newborn child is 75% water and the healthy adult is 65% water. Possibly of more
significance is that the ratio of water inside the cells to that outside the cells changes
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from 1.1 to 0.8, leading to intracellular dehydration.2 Still unknown is under what
circumstances, if any, drinking more water can forestall intracellular dehydration.
This chapter probes possible associations between water consumption and muscu-
loskeletal health and concludes with practical considerations on hydration.

Editor’s Note

The 2003 Nobel Prize in chemistry was awarded to the physician–researcher
Peter Agre for discovering and researching the water channel. Agre remarked that
aquaporins had not been identified sooner because they were abundant. Certainly
there is more about water that continues to elude us by sheer quantity.

HOW THE BODY MANAGES DROUGHT

Chapter 17 outlines the metabolic changes the body makes to maintain homeostasis
and prioritize its most critical functions. Food restriction leads to a catabolic state.
Similarly, in drought the body is forced to prioritize, placing thermoregulation
and pH balance above healthy muscles and bones. Dr.Batmanghelidj proposes an
interesting theory on drought management detailed in recent publications.3,4

HOW WATER TRANSPORT IS CHALLENGED
IN THE OBESE STATE

Only 40 to 45% of ATP energy released in muscle contractions translates to
mechanical work, and the remainder is converted to heat.5 If this vast amount of
heat from muscle contractions were to be left unused, it would denature the
proteins contained in the muscle tissue. While some heat is used in further chem-
ical reactions, excess heat is conducted away to maintain body temperature.

Obesity is allometric growth, the growth of fat disproportionate to muscle, as
quantified in Chapter 1. Muscle is hydrated and is therefore a conductor.
Conversely, fat is an insulator owing to its absence of water. This concept is the
basis for body composition scales, which utilize impedance to distinguish fat
from muscle. It also explains why an obese person comprises only 30 to 50%
body water, in contrast to the 65% body water of nonobese adults. In the obese
state, less water is available to dissipate heat. Additionally, adipose tissue
between muscle and skin extends the distance heat is transported to be dissipated
as sweat. Since thermoregulation is prioritized over healthy muscle maintenance,
heat generating metabolic reactions may be slowed down. The scaling and rest-
ing metabolic rate calculations used for the allometric growth of obesity support
this speculation.6
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HOW WATER HELPS MAINTAIN CELLULAR HEALTH

Cells undergo a culling process, often called programmed cell death or apoptosis.
Muscle atrophy results when many muscle cells undergo apoptosis. Diagnostic
imaging studies demonstrate that in muscle atrophy, fat cells become space-
holding interlopers where muscle once existed.

Hydration has been demonstrated to forestall apoptosis of cells other than
muscle, and can be of benefit in acute muscle loss associated with rhabdomyolysis.
Apoptosis is an important factor in the pathogenesis of radiocontrast nephropathy.7

In 2005 Itoh and associates concluded: “At present, hydration is regarded as
the only effective, though incomplete, prophylactic regimen for radiocontrast
nephropathy.”7 Compression-induced degeneration of the intervertebral disk has
also been shown to be the result of apoptosis and dehydration.8 Hydration conceiv-
ably plays a role in preventing muscle atrophy. Muscle contains much of the body’s
water and muscle is also a reservoir for various nutrients, possibly water as well.
Dr. Batmanghelidj proposes a theory by which muscle water stores may be mobilized:
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The most efficient system for water to enter the cell is by direct diffusion
at the rate of 10	3 cm/s. When the serum composition is more dilute and
water can freely flow through the cell membrane between the hydrophilic
heads of the phospholipid parts of the lipid bilayer, it also transiently holds
these structures together. It seems that at the phospholipid separation seen
in the cell membrane, water develops the same sticky properties that it has
when it becomes ice.9 This bonding property of water is a transient process
for the water molecules flowing through the membrane and is replaced by
the water molecules that follow.

When water diffuses through the cell membrane, it increases the
membrane fluidity. It expands the bilayer membrane creating a suitable
fluid microenvironment for easy lateral diffusion of the catalytic unit of the
cyclase when it is activated by hormone–receptor coupling at the cell
membrane. See Figure 8.1. The hydrophobic segment of the phospholipid
structures that project into the bilayer begins to repel the water and generate
a strong lateral diffusion pressure that facilitates the enzyme–substrate
activity within the membrane.10

Adequate presence of water in the bilayer membrane is vital to the
efficiency of all the feedback mechanisms that are a part of the cell func-
tions in any organ of the body. It particularly applies to the well-integrated
process of nerve stimulation, muscle contractions, and joint movements. In
a dehydrated state cholesterol deposits in the cell membranes and renders
it much more rigid and easily damageable; the “lateral diffusion pressure”
in the bilayer is lost; the hydrophobic projections in the bilayer interlock
and render such cells ineffective and candidates for apoptosis.
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In early dehydration, the rate of water diffusion through the cell membrane
diminishes. When the rate of direct diffusion of water into the cells of the body
diminishes and becomes insufficient for adequate hydration of cells in the body,
an alternate system is used. The backup mechanism depends on the delivery of
water through special channels, called aquaporins. Aquaporins only allow water
molecules to enter in a single file, without the ionic load. It resembles a reverse
osmosis system.11,12 Vasopressin has been shown to activate some of these water
channels.12 This suggests that by the time thirst is experienced, cellular hydration
is already compromised.

HOW DEHYDRATION MAY CONTRIBUTE
TO KNEE OSTEOARTHRITIS

Although the bone tissue is amply supplied with small blood vessels that are sit-
uated under the periosteum, the main circulation to the long bones of the body is
restricted to only one medullary or nutrient artery. Accompanied by one or two
veins, the artery passes through the foramen, mostly situated in the center of the
shaft of the bones. Flat bones have more than one artery and vein that maintain
blood circulation to the bone.

The cartilage tissue that is attached at its base to the bones within the joints
of the body need to be fully hydrated to act as an effective shock absorber and to
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FIGURE 8.1 The bilayer membrane in two different states, hydrated and dehydrated,
demonstrating the separation of the two layers when water gets in between and establishes
a lateral diffusion pressure that helps in the enzyme–substrate actions. In a dehydrated
state this ability is compromised.
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be able to facilitate low-friction movement of the joint. Cartilage receives
nutrients by diffusion through the cancellous end of the bones they attach. See
Figure 8.2. Serum diffusion to the cartilage and the joint is facilitated by the
suction property of vacuum, and is instantly established when the joint is fully
flexed or extended.

In a dehydrated state of the body and because of the restrictive cuff quality of
the arterial foramen in the bone, the blood vessels are unable to dilate to facilitate
the added rate of serum diffusion to the joint and its cartilaginous linings. As a
means of indirect compensation, the blood vessels to the capsule of the joint
dilate. An inflammatory process — with associated pain — establishes and some
serum diffuses through the synovial membrane into the inflamed joint as shown
in Figure 8.2.

The knee joint is particularly vulnerable to the inflammatory process associ-
ated with dehydration. Nutrient arteries are directed away from the knee; upward
in the femur and downward in the tibia and fibula.13 The reason for the develop-
ment of the arteries pointing away from the knee joint is to service the earlier
fusion of the epiphyses distal to the knee joint. This anatomic anomaly leaves the
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FIGURE 8.2 Model of a hydrated joint against a dehydrated joint; the direction of water
and nutrient flow in the hydrated joint and the inflammatory capsule of a dehydrated joint
when water and nutrient diffusion through the bone heads is reduced.
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knee joint most vulnerable in later years of life when gradual dehydration reduces
the rate of blood flow to the bones.

HOW DEHYDRATION MAY EXACERBATE BACK PAIN

Vertebral discs support the weight of the upper body. Anatomically, the entire
weight of the torso rests on the fifth lumbar disc, a common location for
osteoarthritis. The discs are composed of the nucleus pulposus and the annulus
fibrosis. The nucleus pulposus consists of 88% water and is held in position by
the annulus fibrosis. The annulus is a very strong fibrous structure that attaches
itself at the back to the edge of the vertebrae above and below and also the
posterior longitudinal ligament. In front, it connects to the anterior longitudinal
ligament that attaches to the center of the body of the vertebrae above and below.
See Figure 8.3. By not attaching itself to the lip of the vertebrae in front, an
anatomical space is created between the ligament, the disc, and the vertebrae
above and below.

The role of this anatomical space in the design of the spinal column has not
been fully explained in the medical literature. Most posit that the anatomical
space vacuum-packs the entire structure of the column and all that it holds
together. By creating vacuum when the spine moves into extension, water and its
solutes are encouraged to diffuse into the space and hydrate the disc core and its
fibrous attachments. When lubricated, the disc moves into the center of the carti-
laginous endplates on the surface of the vertebrae above and below. The anatom-
ical space increases the flexibility of the spine and gives it freedom of motion.

In dehydration, the discs begin to lose substance and become less effective as
wedges between the vertebrae. Normally, they would keep the body upright with
minimal muscle activity. But in their dehydrated state, the back muscles are
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FIGURE 8.3 The anatomical design of the vertebral column highlighting the anatomical
space and its relationship to the intervertebral disc in the vertebral column.
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forced to work constantly to stop the body from falling forward. The center of
gravity of the body is normally in front, around the longitudinal arch of the foot.
Thus, foot pain and back pain from the spasm of the back muscles might herald
dehydration of the body in its spinal column. When patients are hydrated, exer-
cises that create intermittent vacuum in the disc spaces augment treatment for low
back pain.3,14

HOW WATER REDUCES FOOD INTAKE

Water adds volume to food without adding calories. Rolls demonstrated that
the volume of liquid foods influences appetite more than does the food’s energy
density (calories).15–17 When food is hydrated, fewer calories are required to sat-
isfy subjective perceptions and stretch the gastrointestinal tract to release gut sati-
ety peptides. The result is that foods with high water content are less likely to be
overconsumed. Conversely, dried foods promote portion distortion.

Rolls’ research additionally suggests the possibility that food is eaten, in part,
to satisfy thirst. To further this speculation, it is interesting to note that hunger and
satiety signals are colocated in the brain. The paraventricular nucleus, which is
central to satiety signaling, also releases vasopressin to signal thirst.18 Furthermore,
Chapter 13 details how the neurotransmitters histamine and serotonin communi-
cate hunger. Dr. Batmanghelidj theorizes similar roles for histamine and serotonin
in the thirst mechanism.3

HOW TO PUT HYDRATION INTO PRACTICE

While much remains to be learned about water’s diverse roles in human physiol-
ogy, the practical applications are well demonstrated. Not only does adequate
hydration prevent injuries, it also enhances performance.19 Garite reasoned that
research on hydration for sports performance could be applied to childbirth. He
demonstrated that doubling the intravenous fluid rate reduced labor time and the
need for oxytocin.20

The following are practical considerations for oral hydration. Filtered water is
the recommended form of water. While boiling water can destroy microbes, metal
toxins become concentrated as water evaporates with boiling. Bottled water can
be a visual cue to drink before becoming thirsty. There are two disadvantages of
bottled water. Plastic bottles can break down upon exposure to intense heat and
release xenobiotics into the water. Bottled water is also a risk factor for campy-
lobacter infection, a cause of infectious diarrhea.21

When appreciable amounts of water are lost from perspiration, such as during
hot climates, athletic events, and sauna use, electrolytes should be replaced.
Adding a pinch of sea salt to a glass of water reduces the risk of hyponatremia.
Sodium is needed to absorb water from the gastrointestinal tract. Carbohydrate
helps sodium cotransport water into cells. Only a little carbohydrate is needed.
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A 15% carbohydrate solution had no added benefit on hydration over a 2%
carbohydrate solution.22 Rice powder may be a more effective carbohydrate than
glucose in rehydration.23 The amino acids glycine, alanine, and glutamine and
various cereal powders can also promote rehydration, but not more effectively
than glucose.23 For athletes there is no advantage of intravenous hydration over
oral hydration.24 In extreme cold environments, loading the body with a hyperos-
molar solution of glycerol may impart a hydration advantage.25 A rationale for
magnesium supplementation to replace sweat loss is presented by Dr. Burford-
Mason in Chapter 9.

Overhydration can occur from inadequate sodium intake and intake of too
much water, especially when cell membrane permeability is compromised.
Hyponatremia can result in death in an otherwise healthy individual. Incidence of
dilutional hyponatremia among athletes was underscored by a study conducted at
the 2002 Boston Marathon, where 13% of studied participants had hyponatremia
and 0.6% had a critically low serum sodium of 120 mmol/l or less.26 Risk factors
included a race time of more than 4 hours and body mass index extremes.

An individual’s water needs vary with stress and with sweat, urinary, and res-
piratory losses. Cold climates, high altitude, and temperature-controlled indoor
air generally increase water needs. Urine color can be a useful indicator, with
pale, almost clear urine indicating adequate hydration. A urine dipstick can quan-
tify osmolality. A summary message to convey to patients is, “Drink water before
becoming thirsty.”
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INTRODUCTION

Magnesium is the fourth most abundant mineral in the body and, after potas-
sium, the second most plentiful intracellular cation. Intimately involved in
multiple aspects of metabolism, magnesium is a required cofactor for over 300
regulatory enzymes.1 Besides its requirement for specific enzymes, magnesium
is involved indirectly in all enzymatic processes, as adenosine triphosphate
(ATP) must be complexed to magnesium to be metabolically available.2

Magnesium is required for carbohydrate, fat, and protein ultilization.3,4 During
cell replication, magnesium is required to maintain an adequate supply of purine
and pyrimidine nucleotides necessary for DNA and RNA production.4 Virtually
all hormonal reactions are magnesium dependent.5 Through its association with
sodium, potassium, and calcium, magnesium is closely involved in maintaining
cellular electrolyte balance and adequate amounts of magnesium are needed to
maintain normal levels of potassium.5 It is required to maintain voltages across
cell membranes and for the transfer of electrical impulses in neurons and
muscle cells.6

Magnesium
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MAGNESIUM REQUIREMENTS

Total body content of magnesium is about 25 g. Approximately 50 to 60% is
found in bone, and 30 to 40% is intracellular, found mainly in muscle cells.
Extracellular magnesium accounts for only about 1% of total body magnesium.
Of the magnesium present in bone, one-half is exchangeable and serves as a
reservoir from which magnesium can be withdrawn to maintain normal extracel-
lular magnesium concentrations.1 The remainder is tightly bound in the bone
matrix.

The recommended daily allowance (RDA) for magnesium varies with age,
pregnancy, and lactation.1 For women over 30 years of age, the RDA is 320 mg,
with pregnancy increasing the requirements to 400 mg, and lactation to 360 mg.
The RDA for men older than 30 is 420 mg. However, some experts believe that
the RDA underestimates daily needs and a range of 500 to 750 mg has been sug-
gested as more realistic.7 Magnesium-rich foods include nuts, beans, avocado,
whole-grain cereals, cocoa, and seafood. Refining or processing of food generally
results in reduced magnesium content, and as processed foods have risen in
Western diets, daily intake of magnesium has dropped.1

Water has historically made an important but variable contribution to magne-
sium intake depending on the hardness of the water in a particular region.1,2 In
many urban areas, water is softened, thus removing magnesium as well as other
minerals.1,2 A recent estimate of magnesium intake in a national sample of U.S.
adults has confirmed that both men and women generally fail to meet the recom-
mended daily intake,8 and large numbers of individuals are thought to be at risk
for magnesium deficiency. In one study, 39% of American women between 15
and 50 years of age had magnesium intakes less than 70% of the RDA.9

Since magnesium regulates skeletal, cardiac, and smooth muscle contraction,
magnesium depletion has been shown to result in hypertension, as well as coro-
nary and cerebral vasospasm.10 Because of its potential to inhibit calcium influx
into cells, magnesium has been dubbed “nature’s physiological calcium channel
blocker.”11 Conditions where magnesium deficiency may be an important con-
tributing factor include cardiovascular disease, diabetes, depression, migraine and
tension headaches, eclampsia, and asthma.1,2

MAGNESIUM AND MUSCULOSKELETAL HEALTH

Owing to its regulatory role in energy production, in the biosynthesis of cate-
cholamines and other neurotransmitters needed for neuromuscular activity, as
well as neurological excitability, muscle relaxation after contraction, and bone
metabolism, magnesium is considered to play a key role in musculoskeletal func-
tioning and health.12 Deficiency of magnesium results in hypocalcemia, primarily
through impaired secretion of parathyroid hormone required for normal calcium
homeostasis.13 In animal studies, magnesium has been shown to affect bone char-
acteristics, promoting bone formation, preventing bone resorption, and increasing
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the dynamic strength of the bone.14 Deficiency has therefore been implicated in
the development of osteoporosis.13,15 Several population studies have demon-
strated a positive association between magnesium intake and bone mineral density.
Data from the Framingham Heart Study show that magnesium intake positively
correlates with hip bone mineral density in both men and women.15 Oral admin-
istration of magnesium as the sole treatment in postmenopausal osteoporosis has
been shown to increase bone density.16

Poor magnesium status has been implicated in the arthralgias and the myal-
gias characteristic of conditions like fibromyalgia17 and chronic fatigue syn-
drome.18 The muscle pains, weakness, and cognitive impairment of fibromyalgia
have been shown in human studies to associate with elevated levels of inflamma-
tory cytokines, particularly those that promote hyperalgesia, fatigue, depression,
and pain.19 The expression of these inflammatory molecules is in turn thought to
be due to an initial release of substance P, a neurotransmitter involved in the trans-
mission of pain impulses from the peripheral receptors to the central nervous
system.19

A central role for magnesium has been hypothesized in this cascade of events:
when normal mice were fed a magnesium-deficient diet, an early (day 5) increase
in substance P was observed. This was followed after 3 weeks by dramatically
increased serum levels of several inflammatory cytokines, including interleukin-1,
interleukin-6, and tumor necrosis factor-
.20 Magnesium deficiency may there-
fore play a role in the initiation or perpetuation of musculoskeletal disorders like
fibromyalgia or chronic fatigue. Patients with both the conditions have been
shown to benefit from magnesium supplementation.18,21

Confirmation of an important role for magnesium in musculoskeletal func-
tioning comes from studying patients with the genetic disorder Gitelman’s syn-
drome (GS). GS is usually identified in children and is characterized by significant
hypomagnesemia, low urinary output of calcium, and intermittent episodes of
muscle weakness and tetany.22 Although usually considered a mild disorder, stud-
ies have shown that a high proportion of adult patients with molecularly identified
GS suffer from cramps, muscle aches, as well as fatigue, dizziness, and general-
ized weakness22 — a clinical picture reminiscent of fibromyalgia.

MAGNESIUM HOMEOSTASIS

The concentration of magnesium in serum is maintained within a narrow range
by the small intestine and the kidney. When dietary intake is high, excretion of
magnesium via the kidneys increases. Conversely, when intake falls, the small
intestine and kidney both increase their fractional magnesium absorption.23 If
magnesium depletion continues, bone stores help to maintain serum magnesium
concentration by exchanging part of their content with extracellular fluid.24

This ability of the gastrointestinal tract and the kidneys to regulate magne-
sium homeostasis is affected by the health of both organs. Inflammatory bowel
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disease limits the capacity to absorb magnesium, resulting in lower body stores.24

After surgical resection both urinary magnesium excretion and muscle magne-
sium content have been shown to decrease in parallel with increasing resection
length, and muscle fatigue — an early sign of magnesium deficiency — has been
shown to be associated with low muscle magnesium concentration not detected
by determination of the serum magnesium.25 Although a greater or a lesser effect
on magnesium nutriture might be expected after bariatric surgery for morbid obe-
sity, depending on the length of intestine that is bypassed, this possibility has
received surprisingly little attention. But with the current increase in the number
of bariatric procedures being performed complications related to hypomagne-
semia are likely to emerge. There are reports of postbariatric surgery Wernicke’s
encephalopathy, a neurologic disorder of acute onset caused by a thiamine
deficiency, which sometimes does not respond to thiamine administration.26

Magnesium is required for the phosphorylation of thiamine to the coenzyme form
thiamine pyrophosphate, which in turn is involved in the pentose–phosphate path-
way (transketolase) and the tricarboxylic acid cycle. Wernicke’s encephalopathy
refractory to thiamine administration has been shown to respond to magnesium.27

Chronic diarrhea and vomiting may also result in magnesium deficiency.24

Polyuria associated with poorly controlled diabetes causes depletion of magne-
sium stores, as does excessive alcohol intake.28,29 Because calcium competes for
absorption with magnesium, excessive calcium intake, either from foods or from
supplements, can lead to magnesium deficiency.30 An extensive range of com-
monly used medications have been shown to trigger magnesium depletion,
including diuretics, birth control pills and hormone replacement, cancer chemo-
therapy, corticosteroids, some antibiotics, insulin, and painkillers.1,23

In animal studies, increased exposure to heavy metals, such as lead and cadmium,
decreases blood and organ magnesium accumulation and increases urinary magne-
sium excretion. This observation has important implications for heavy-metal detoxi-
fication, since the reaction appears to be reversible: increasing animals’ magnesium
intake after exposure to lead and cadmium leads to increased urinary elimination of
both metals.31 In lead-intoxicated animals, high-dose oral magnesium supplementa-
tion was comparable to intravenous EDTA-chelation therapy.32 In human studies,
magnesium nutriture has been shown to modify the response of children to industrial
pollution. Blood and urine levels of cadmium were compared in children from areas
of high and low heavy-metal pollution, and found to be inversely correlated with urine
magnesium rather than the level of pollution to which the children were exposed.33

DIET AND MAGNESIUM STATUS

Refining grains depletes them of magnesium. Although refined cereal products
are frequently enriched with iron and calcium removed in processing, the magne-
sium content is not replenished. In the short term, a diet high in starchy or sugary
foods alters the way the body handles magnesium, resulting in excessive urinary
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magnesium loss.34 In the long term, such a diet predisposes to the development of
insulin resistance. Insulin is required to shift magnesium from the extracellular to
the intracellular space, and thus insulin resistance will result in a reduced capac-
ity for tissue magnesium accretion and storage.34

Absorption of magnesium is dependent on several elements of diet other than
magnesium content. Diets containing both less than 30 g of protein per day or
more than 90 g/d appear to reduce intestinal magnesium absorption.1 Magnesium
forms insoluble soaps with fatty acids in the intestine, which, although beneficial
in inhibiting the absorption of dietary fat, also decreases magnesium availabil-
ity.35 Phosphoric acid in carbonated beverages inhibits absorption by binding to
magnesium in the bowel.36 Nondigestible plant fibers significantly impact mag-
nesium status: cereal and legumes are rich in phytates, which reduce absorption
of minerals, including magnesium.37 On the other hand, fermentable fibers from
fruits and vegetables, such as fructo-oligosaccharides (FOS), can enhance mag-
nesium absorption.38 FOS appears to enhance magnesium absorption preferen-
tially, while not consistently affecting absorption of the other minerals.38

NONDIETARY FACTORS AND MAGNESIUM STATUS

Exercise, particularly if it is intense or prolonged, may affect magnesium
status.39,40 During endurance exercise, serum and urinary magnesium concentra-
tions decrease, although calcium status appears to be unaffected. This is thought
to result from increased demand for magnesium by skeletal muscle under condi-
tions of sustained exertion.39,40 Sweat also has to be considered as a potential
avenue for exercise-induced magnesium loss, especially when performed at high
temperatures.41 One study found that men subjected to controlled exercise in heat
(8 h on ergocycles at 100°F) lost 15.2 to 17.8 mg/d in sweat, which represented
4 to 5% of total daily magnesium intake. Magnesium losses through exertion
and sweat may contribute to the development of exercise-induced wheezing or
asthma. In epidemiological studies, the general decline in respiratory function has
been linked to declining intakes of magnesium as well as vitamin C.42

Intravenous magnesium sulfate is known to be effective and safe as an adju-
vant treatment for acute brochocospasm in asthmatic patients.43 A role for mag-
nesium in the treatment and prevention of exercise-induced wheezing or asthma
might therefore be implied. However, only a few studies have attempted to inves-
tigate magnesium status in this patient population. In one small study (13 children
aged 6–13 years), the ability of inhaled magnesium sulfate to enhance the efficacy
of salbutamol on exercise-induced asthma was studied.44 Patients performed a
6 min running test on three separate days. In six of the 13 patients, pretreatment
with magnesium prevented FEV1 decreases greater than 20%, with the combi-
nation of salbutamol and magnesium showing better protection than either agent
used alone. The authors concluded that MgSO4 inhalation could be a useful pro-
phylaxis against exercise-induced bronchoconstriction. Stress, whether physical
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(i.e., exercise), medical (i.e., surgery and drugs), environmental (i.e., noise and
pollution), or emotional (i.e., excitement and depression) changes magnesium
homeostasis and increases urinary magnesium losses.45,46 For example, even short-
term exposure to excessive noise rapidly induces increased renal magnesium
output, which is thought to contribute to the hearing loss associated with noise
exposure.47 Magnesium treatment has been shown to reduce both temporary and
permanent noise-induced hearing loss.48 In animal models, noise exposure has
been shown to alter the magnesium content of myocardium, especially in animals
with suboptimal magnesium intakes, suggesting that this may be an explanation
for the known association between chronic noise exposure and cardiovascular
disease.49 The impact of hypomagnesemia on postoperative outcome is well
established, and the use of magnesium therapy in the perioperative period is
increasing because of its beneficial effects on cardiac function and rhythm,
muscle strength, vascular tone, and the central nervous system. In older patients
undergoing hip surgery magnesium depletion was associated with repetitive
ventricular arrhythmias.50 Table 9.1 shows the various types of stressors that have
been shown to affect magnesium status.

Apart from GS, an autosomal recessive disorder, several other genetic
magnesium-wasting syndromes have been identified.61 Intestinal magnesium wasting
is associated with the TRPM6 gene, which encodes an apical epithelial magnesium-
conducting channel expressed in the intestine and in the kidney. Intra- and
extracellular magnesium levels are associated with the major histocompatibility

TABLE 9.1
Physical, medical, environmental, and psychological
stressors known to affect magnesium status

Stressor Ref.

Physical Exercise and exertion 39, 40
Heat and cold 2, 51, 52
Sleep deprivation 53, 54
Pain 55
Childbirth 56

Medical Trauma 2, 57
Burns 57, 58
Surgery 2, 4
Infection 57, 60
Drugs 1, 23

Environmental Noise 47–49
Pollution 59
Allergy 60

Psychological Anxiety 45, 46
Depression 45, 46
Examination stress 54
Excitement 45, 46

DK6006_C009.qxd  11/11/2005  2:57 PM  Page 142



complex (HLA). Individuals possessing HLA B35 genes have higher red cell and
plasma magnesium, and HLA-B38 positive individuals have lower levels com-
pared to noncarriers of either gene.62 In GS, multiple mutations in the SLC12A3
gene, which encodes the thiazide-sensitive sodium chloride cotransporter, have
been identified.61

CALCIUM AND MAGNESIUM BALANCE

An aspect of magnesium nutrition, which has received relatively little attention,
and which is likely to be of significance not only for musculoskeletal health but
also for other apparently unrelated health conditions, including heart disease and
stroke, and respiratory health is the maintenance of the balance between calcium
and magnesium. Intracellular calcium concentrations regulate muscle contrac-
tion, including skeletal, cardiac, and smooth muscle. Rising concentration of free
calcium causes muscle fibers to contract, and removal of calcium back into intra-
cellular storage sites (sarcoplasmic reticulum) or out of the cell is necessary for
depolarization to occur and for the muscle to return to a relaxed phase.63 This
removal of calcium to the external cellular environment is a magnesium-dependent
mechanism: high levels of ATP in the form of a magnesium complex (MgATP)
are required.1,2 Deficiency of magnesium relative to calcium may therefore result
in sustained contraction of muscle cells, which may be central to the development
of many of the signs and symptoms of magnesium deficiency.63 In addition to its
action on muscle fiber, magnesium deficiency will affect innervation of muscle,
since increased intracellular calcium influx results in neuronal hyperexcitability,
and therefore will contribute to muscle hypertonicity.1,2

This requirement for calcium and magnesium to be in balance may explain
some of the anomalies seen with the intraoperative use of high-dose magnesium
infusions. Although the use of supraphysiological magnesium infusions has been
shown to decrease the incidence of ventricular fibrillation in surgical patients and
in enclampsia, it is also associated with an excess of cardiogenic shock and heart
failure.6 However, an excess of magnesium beyond physiological requirements
for efficient smooth muscle contraction and relaxation might be expected to cause
problems, since magnesium acts as a calcium antagonist by inhibiting the cellular
uptake of calcium. Calcium blockade by pharmaceutical agents has been shown to
increase the risk of heart failure.64 In the case of elective surgery, therefore, oral
magnesium supplementation using the methods described later in this chapter
may be an alternative and safer approach.

DIET AND CALCIUM–MAGNESIUM BALANCE

A dramatic shift in calcium to magnesium balance, with potential implications
for musculoskeletal health, may be seen in modern diets. Although basic phy-
siological needs for essential nutrients have remained largely unchanged since
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prehistoric times, diets have become progressively more divergent from the diets
of our ancient ancestors, and health may have suffered in the transition.65 Two
modern dietary patterns have been identified.66 One, the most common in Western
societies, is high in red meat, fried potatoes, high-fat dairy products, refined grains,
and sweets and desserts. The other is based mainly on vegetables, fish, fruit, poul-
try, and whole grains. Popularly referred to as the urban caveman diet, the latter
most closely approximates to a hunter-gatherer or Paleolithic diet.65 Large cohort
studies have shown that the urban caveman diet offers greater protection from
degenerative diseases compared with diets conforming to the current healthy eat-
ing dietary guidelines.66 Table 9.2 shows the balance of calcium to magnesium in
a prototype urban caveman diet compared to a more typical Western diet. As can
be seen, there is a dramatic difference in the calcium to magnesium ratio between
the two diets.

TABLE 9.2
Comparison of calcium to magnesium balance in two compendium diets

Calcium to Calcium to
Diet 1: hunter- magnesium ratio Diet 2: typical magnesium ratio
gatherer prototype (mg/100 g food) Western diet (mg/100 g food)

Whole wheat 0.4:1.0 Bagel (white) 2.0:1.0
Oats 0.4:1.0 Pancakes 4.0:1.0
Wild rice 0.2:1.0 Doughnut 1.8:1.0
Blueberries 1.2:1.0 Cookies 13:1.0
Cranberries 1.4:1.0 Blueberry muffin 3.1:1.0
Apples 1.4:1.0 White rice 3.6:1.0
Hazelnuts 1.1:1.0 Macaroni 0.4:1.0
Walnuts 0.8:1.0 Eggs 4.6:1.0
Eggs 4.6:1.0 Chicken breast 0.5:1.0
Venison 0.3:1.0 Hamburger 0.5:1.0
Pheasant 0.6:1.0 French fries 0.2:1.0
Salmon 0.3:1.0 Onions 2.5:1.0
Trout 1.9:1.0 Orange juice 1.0:1.0
Oysters 0.8:1.0 Ice cream 4.0:1.0
Shrimp 1.4:1.0 Milk 7.0:1.0
Spinach 1.4:1 Yogurt (plain) 11.0:1.0
Turnip 2.0:1.0 Cheese (hard) 26.0:1.0

Average 1.3:1.0 Ca/Mg Average 4.95:1 Ca/Mg

Note: Diet 1 represents a modern day version of a hunter-gatherer diet, high in lean protein, essential
fats, and unrefined carbohydrates. It would achieve a calcium to magnesium balance of 1.3:1. Diet 2
represents a typical Western diet, high in refined food and dairy products and low in vegetables. There
is a dramatic shift in the calcium to magnesium balance, which is approximately 5:1 calcium to
magnesium.

Source: USDA food database, www.nal.usda.gov (accessed Jan. 2005).
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One of the central benefits of a hunter-gatherer style diet may therefore
be that it shifts the calcium to magnesium balance to one that is more compati-
ble with cardiovascular and musculoskeletal physiology. The higher calcium to
magnesium ratio observed in the Western diet would favor an elevation of intra-
cellular free calcium and deficiency of intracellular free magnesium. This would
increase the threshold for skeletal, cardiac, and vascular smooth muscle contrac-
tility.67 In vascular smooth muscle, this has been shown to cause vasoconstriction
and increase blood pressure, and in heart muscle it increases contractility, pre-
disposing to left ventricular heart failure.67 Deficiency of magnesium relative to
calcium in skeletal muscle would predispose to symptoms similar to those seen
in GS, such as tetany, muscle cramps, and painful spasms.22 It may also manifest
itself as fibromyalgia, chronic fatigue syndrome, and repetitive strain injury.

IDENTIFICATION OF MAGNESIUM DEFICITS

Because magnesium moves between compartments and across membranes, labo-
ratory assessment of magnesium status is notoriously difficult.68 A drop in serum
magnesium is quickly normalized from bone or intracellular stores. Therefore,
serum or plasma magnesium is not a reliable indicator of magnesium status. Deple-
tion of muscle magnesium has been shown in the presence of normal plasma, red
blood cell, or mononuclear blood cell magnesium concentrations.68,69 Recently,
intracellular ionized magnesium measured in sublingual epithelial cells has been
promoted as a reliable marker of tissue magnesium stores.70 Sublingual epithelial
cells are thought to approximate tissue stores because of their rapid turnover time
(�3 days), and are easy to access. In cardiac patients undergoing bypass surgery,
magnesium was lower in such cells compared to healthy controls, where no differ-
ence in serum measurements was observed. Magnesium content of sublingual
cells correlated well with atrial biopsy specimens taken from the same patients
during surgery.70 However, the test is not routinely available, and as yet there are
no published data to support the reliability of the test in less seriously ill patients.

A functional approach, using clinical evidence of calcium–magnesium
imbalance as an indicator of magnesium inadequacy is a simple way to assess
magnesium nutrition in individual subjects. Musculoskeletal markers of calcium–
magnesium imbalance include muscle cramps, spasms, fasciculations, and rest-
less leg syndrome.71 Confirmatory evidence of an imbalance can be ascertained
from the evidence of cardiovascular and smooth muscle cell malfunctioning
(Table 9.2). Correction of musculoskeletal and other symptomatology, such as
constipation, by physiological oral magnesium supplementation is the best proof
that magnesium deficiency was the cause of these symptoms.

MAGNESIUM SUPPLEMENTS

Dietary intake of magnesium can be addressed through the adoption of diet one
(Table 9.1). However, where significant amounts of dairy products or calcium
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supplements are consumed, additional magnesium supplements are usually needed.
Except in the case of overt renal failure, where they are contraindicated, oral sup-
plementation with magnesium salts may be the most effective way to improve
magnesium status.71

Although results from clinical trials have been variable, magnesium supple-
mentation has been shown to benefit many conditions, where magnesium deficits
are thought to play a role. It can reduce blood pressure in a dose-dependent
manner.72 It can also reduce leg cramping during pregnancy73 and in nonpregnant
chronic nocturnal cramp sufferers.74 Even the muscle weakness, asthenia, leg
cramps, and tetany associated with genetic magnesium wasting syndromes may
respond positively to oral supplementation.75 In patients with cardiovascular dis-
ease, 365 mg magnesium citrate daily for 6 months improved exercise tolerance,
diminished exercise-induced chest pain, and improved the quality of life as meas-
ured by standard quality-of-life questionnaires.76 In clinical trials not showing
benefit, failure to control for variables such as diet, stress, medications, and
supplemental calcium are thought to have confounded outcomes of the clinical
trials, which show no benefit to supplemental magnesium.

Physiological oral magnesium supplementation of 5 mg/kg/day has been
suggested as appropriate.71 However, since magnesium needs vary considerably
from one individual to another and even somewhat within the same individual
depending on concomitant stress levels, diet and medication use, a standard dos-
ing regime is not optimal. Magnesium dosage can be adjusted by titrating intake
to bowel tolerance. Bowel tolerance draws on the observation that excess mag-
nesium causes diarrhea and insufficient magnesium inhibits normal gastroin-
testinal peristalsis.77 A very gradual increase in magnesium (every 3–4 days) and
small incremental doses (50 mg magnesium glycinate/day) to generate 1–3 soft
bowel movements daily gives the best results. It is important that the gastroin-
testinal capacity to absorb magnesium is not exceeded, as this will result in diar-
rhea which will in turn deplete magnesium stores. Evidence of adequate tissue
stores is suggested by the absence of typical signs of calcium/magnesium imbal-
ance suggested in Table 9.3.

Calcium and magnesium may be taken together, usually in divided daily
doses at a 2:1 ratio. See Chapter 25. Additional magnesium may be supplemented
to bowel tolerance.

The type of magnesium used is also important. Magnesium hydroxide has
been used to treat constipation in geriatric patients with beneficial results, not
only on bowel function but also on markers of lipid and carbohydrate metabo-
lism, indicating a systemic as well as a laxative effect.78 Magnesium oxide is also
used for supplementation but, compared with the citrate salts of magnesium, is
not well absorbed.79 A major downside to magnesium citrate is that although
well absorbed, it is rapidly eliminated by the kidney,79 and may therefore not
be the best form to use when tissue deficits need to be redressed. Recently,
protein-bound forms of magnesium have been shown to be well absorbed and
highly bioavailable.80 Clinical experience suggests that amino acid chelates of
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magnesium (glycinate, aspartate, and tartrate) offer the most consistent overall
therapeutic effect.

CAUTION: EXCESS MAGNESIUM

No adverse effects have been reported for magnesium intakes from food.1 Most
reported adverse effects from nonfood sources have been with intravenous admin-
istration at supraphysiological doses, rather than physiological oral supplementa-
tion.2,71 In patients with compromised renal function, however, oral supplements
may result in hypermagnesemia, symptoms of which include lethargy, loss of
deep tendon reflexes, difficulty in breathing, hypotension, bradycardia, and car-
diac arrest.81 Even in those with apparently normal kidney function, very large
doses of magnesium-containing laxatives and antacids have occasionally been
known to cause magnesium toxicity.81 A case of hypermagnesemia has been
reported in a 16-year-old girl after she decided to take an oral suspension of alu-
minum magnesia antacid every 2 h rather than as prescribed. After 3 days, she
became unresponsive and lost deep tendon reflexes, but recovered after discon-
tinuation of the antacid.82 Excess magnesium and magnesium deficiency can be
confused since both can cause mental status changes, nausea, and muscle weak-
ness. Clinical symptoms of excess magnesium can be distinguished from those of
magnesium deficiency by the accompanying diarrhea and abnormally low blood
pressure.77

TABLE 9.3
Minor functional signs of magnesium deficits

System Symptom

Musculoskeletal Cramps
Fasciculations
Muscle tension
Myalgias
Restless leg syndrome

Cardiovascular Arrhythmias
Palpitations

Smooth muscle Asthma or shortness of breath
Constipation
Frequency of urination
Wheezing after exercise
Vascular headache

Note: Such symptoms may be used to identify functional hypomagnemia
and to monitor response to supplementation.
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INTRODUCTION

Vitamin D is known as the sunshine vitamin because the major source of vitamin D
is from exposure to sunlight. However, vitamin D is really a hormone. The reason
is that once vitamin D is made in the skin or ingested from the diet it enters the
bloodstream bound to a vitamin D binding protein (DBP). Vitamin D enters the
liver, where it undergoes its first modification on carbon 25 where a hydroxyl
group is introduced forming 25-hydroxyvitaminD (25(OH)D). 25(OH)D is the
major circulating form of vitamin D that is used by physicians to determine a
person’s vitamin D status. However, 25(OH)D is biologically inert and must
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undergo an additional modification in the kidneys where a hydroxyl group is
placed on carbon 1 to form 1,25-dihydroxyvitaminD (1,25(OH)2D). 1,25(OH)2D
is considered to be the biologically active form of vitamin D responsible for car-
rying out all of the biological functions of vitamin D in the body. The fact that
vitamin D undergoes these transformations in the body before it can carry out its
biologic functions in distant target organs makes it a hormone.

HISTORY

Vitamin D is one of the oldest hormones/vitamins that has existed essentially
unchanged for more than 500 million years.1,2 Phytoplankton and zooplankton
when exposed to sunlight in the oceans had the ability to photosynthesize
vitamin D.2 Although the function of vitamin D in these simple life-forms is not
well understood, it has been suggested that because the precursor of vitamin D,
provitamin D, and its photoproducts are able to absorb solar ultraviolet B (UVB)
radiation they may have played a role as a natural sunscreen for these organisms.2,3

As life evolved in the oceans, it took advantage of the plentiful source of
calcium and used this element for a wide variety of metabolic processes and as
the major component of the exo- and endoskeletons of aquatic invertebrates
and vertebrates. Calcium was also important for neuromuscular transmission and
played a key role in the evolution of skeletal muscle function.

The life-forms that left the ocean environment for terra firma approximately
350 million years ago required calcium not only for maintenance of the vertebrate
skeletons, but also for neuromuscular function and most metabolic processes. On
land, the calcium was locked in the soil and was absorbed by the plants’ root
system into the plants’ leaves. Life-forms needed an efficient method of absorbing
dietary calcium. One mechanism was for these animals to be exposed to sunlight,
which produces vitamin D in the skin, which is responsible for increasing the
efficiency of intestinal absorption of dietary calcium. Thus, throughout evolution,
vitamin D and calcium had an intimate role to play in the development of the
vertebrate skeleton, the maintenance of neuromuscular function, and the overall
health and well-being of most vertebrates including humans.

THE DAWN OF RICKETS

The importance of sunlight for human health became apparent with the industrial
revolution in northern Europe. People began congregating in cities and lived in
dwellings that were built in close proximity to each other. The burning of coal and
wood polluted the atmosphere and as a result children living in these industrialized
cities had little direct exposure to sunlight. Whistler, DeBoot, and Glissen
recognized that children who lived in the inner cities in northern Europe often had
severe growth retardation as well as skeletal deformities especially of the legs
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(Figure 10.1). It was also observed that these children were much weaker and
often suffered from muscle weakness (Figure 10.2). The disease migrated to
northeastern United States, where children in Boston and New York City who
were raised in similar polluted sunless environments developed the same devas-
tating bone deformities classic for rickets. By 1900, the disease was so prevalent,
that upward of 80 to 90% of children in northeastern United States and northern
Europe suffered from this debilitating disease.1

The Polish physician Snaidecki recognized in 1822 that his young patients in
Warsaw often suffered from rickets whereas his pediatric patients living in the
farms outside Warsaw were not afflicted with the disease.4 He suggested that it was
the lack of sun exposure that was the major cause of rickets. However, it took
another 100 years before this insightful observation was finally proven when
Huldschinsky exposed children with rickets to a mercury arc lamp and reported
dramatic healing of rickets.5 This was quickly followed by the observation by Hess
and Unger6 who reported that exposing children in New York City to sunlight on
the roof of their hospital for several months had a curative effect on rickets.

FIGURE 10.1 Typical presentation of rickets. The child in the middle does not have
rickets; the children on either side have severe muscle weakness and bone deformities
including bowed legs (right) or knock-knees (left). (Copyright Michael F. Holick, 2003.
Used with permission.)
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The realization that exposure to sunlight or artificial ultraviolet radiation
resulted in treating rickets led Steenbock and Black7 and Hess and Weinstock8 to
expose a wide variety of foods and vegetable oils to ultraviolet radiation. They
demonstrated that this simple process imparted the antirachitic activity to all of
these foods and oils. This prompted Steenbock to suggest that ultraviolet irradia-
tion of milk and other foods could be a simple way to prevent rickets in children.9

This ultimately led to the fortification of milk with vitamin D. Food manufacturers
saw this as an opportunity to market their products with vitamin D and therefore
bread, soda, hot dogs, custard, and even beer were fortified with vitamin D.10 Today
in the United States and Canada, milk, some cereals, breads, and yogurts are for-
tified with vitamin D. In Europe, however, most countries forbid the fortification
of dairy products with vitamin D because of the unfortunate outbreak of neonatal
vitamin D intoxication after World War II in Great Britain.11

FIGURE 10.2 This child with rickets has severe muscle weakness and bony deformities
including bowed legs and knob-like projects in the middle of his ribcage called the rachitic
rosary. (From Fraser, D., Scriver, C.R., in Endocrinology, De Groot, L.J. et al., Eds., Grune
and Stratton, New York, 1979, pp. 797–808. With permission.)
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PHOTOSYNTHESIS OF VITAMIN D AND
FACTORS THAT INFLUENCE IT

When a person is exposed to sunlight if the sunlight contains UVB radiation with
wavelengths between 290 and 315 nm, the radiation penetrates into the skin where
it is absorbed by DNA, RNA, and proteins as well as 7-dehydrocholesterol.
7-Dehydrocholesterol (provitamin D3) is the precursor of cholesterol and is present
in the plasma membrane of both epidermal keratinocytes and dermal fibroblasts12.
When the solar UVB radiation is absorbed by 7-dehydrocholesterol, the energy
causes a splitting of the B-ring to form previtamin D3 (Figure 10.3). Previtamin D3

is thermally unstable and is rapidly converted to vitamin D3. Once formed the
vitamin D3 leaves the skin and enters the circulation bound to the DBP.13

The major source of vitamin D for most humans is exposure to sunlight.
There are a wide variety of factors that influence the production of vitamin D3 in
skin. Very little UVB radiation penetrates through the ozone layer to reach the
earth’s surface. Typically, no more than 0.1% of the total UV radiation that enters
into the earth’s atmosphere and reaches the earth’s surface is the high-energy
UVB radiation.

Since the stratospheric ozone layer is very efficient in absorbing UVB radia-
tion any alteration in the sun’s angle can have a dramatic influence on the total
number of UVB photons reaching the earth’s surface. This explains why during
winter very few UVB photons are able to penetrate to the earth’s surface at
latitudes above 37°. Thus, people living north of Atlanta, GA, make very little
vitamin D3 in their skin during exposure to sunlight during the months of
November through March.1,14 At much higher latitudes in Canada and northern
Europe this is extended to the months of October through April. Similarly, early
and late in the day the zenith angle of the sun is increased and thus, very few UVB
photons reach the earth’s surface. The most efficient time to make vitamin D3 in
the skin is between the hours of 10:00 A.M. and 3:00 P.M. (Figure 10.4).1,14,15

Skin pigmentation is efficient in absorbing UVB radiation. Thus, increased
skin pigmentation markedly reduces the ability of the skin to produce vitamin D.
Deeply pigmented individuals require 5 to 10 times longer sunlight exposure to
make the same amount of vitamin D as a light-skinned Caucasian (Figure 10.5).

Sunscreens are intended to efficiently absorb UVB radiation similar to melanin
skin pigment. A sunscreen with a sun-protection factor (SPF) of 8 reduces the
amount of UVB photons entering into the skin by 95%. Thus, the topical use of a
sunscreen with an SPF of 8 reduces the capacity of the skin to produce vitamin D3

by 95% (Figure 10.6).16

Aging decreases many metabolic processes and reduces the amount of
7-dehydrocholesterol in human skin.17 There is approximately 25% as much
7-dehydrocholesterol in the skin of a 70-year-old compared to a 20-year-old.
This is why the elderly are able to increase their blood level of vitamin D3 to
only 25% of a young adult after exposure to the same amount of UVB radiation
(Figure 10.6).18
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FIGURE 10.3 Schematic representation for cutaneous production of vitamin D and its
metabolism and regulation for calcium homeostasis and cellular growth. During exposure
to sunlight, 7-dehydrocholesterol (7-DHC) in the skin absorbs solar ultraviolet (UVB)
radiation and is converted to previtamin D3 (preD3). Once formed, D3 undergoes thermally
induced transformation to vitamin D3. Further, exposure to sunlight converts preD3 and
vitamin D3 to biologically inert photoproducts. Vitamin D coming from the diet or from the
skin enters the circulation and is metabolized in the liver by the vitamin D-25-hydroxylase
(25-OHase) to 25-hydroxyvitamin D3, 25(OH)D3. 25(OH)D3 re-enters the circulation and
is converted in the kidney by the 25-hydroxyvitamin D3-1
-hydroxylase (1-OHase) to
1,25-dihydroxyvitamin D3, 1,25(OH)2D3. A variety of factors, including serum phosphorus
(Pi) and parathyroid hormone (PTH) regulate the renal production of 1,25(OH)2D.
1,25(OH)2D regulates calcium metabolism through its interaction with its major target
tissues, the bone and the intestine. 1,25(OH)2D3 also induces its own destruction by enhancing
the expression of the 25-hydroxyvitamin D-24-hydroxylase (24-OHase). 25(OH)D is
metabolized in other tissues for the purpose of regulation of cellular growth. (Copyright
Michael F. Holick, 2003. Used with permission.)
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The skin has a large capacity to produce vitamin D3. An adult wearing a
bathing suit and exposed to an amount of sunlight that causes a slight pinkness to
the skin (1 minimal erythemal dose [MED]) produces an amount of vitamin D3 in
the skin comparable to taking an oral dose of between 10,000 and 25,000 inter-
national units (IU) of vitamin D2 (Figure 10.7).1,19 Thus, it is easy to obtain an
adequate amount of vitamin D3 from either casual or sensible exposure to sun-
light, i.e., typically no more than 25% of the time that it would take to cause 1
MED of arms and legs or hands, face, and arms two to three times a week during
the spring, summer, and fall between 10 A.M. and 3:00 P.M.1,15 The elderly benefit
from exposure to sunlight and typically need to expose more skin to sunlight to
make enough vitamin D3 (Figure 10.6).18

FIGURE 10.4 Influence of season, time of day, and latitude on the synthesis of pre-
vitamin D3 in the northern (a and c) and southern (b and d) hemispheres. The x-axis in
C and D represents the end of the 1 h exposure time in July. (Adapted from Lu, Z., Chen, T.,
Kline, L. et al., in Biologic Effects of Light, Proceedings, Holick, M. and Kligman, A.,
Eds.,Walter De Gruyter, Berlin, 1992, pp. 48–51. With permission.)
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SOURCES OF VITAMIN D

As much as 95% of most humans’ vitamin D requirement comes from casual
exposure to sunlight. The diet is incapable of providing most humans with their
vitamin D requirement.20 The reason is that very few foods naturally contain
vitamin D. These include oily fish such as salmon, mackerel, and herring and
typically they contain about 400 to 500 IU (1 IU � 25 ng) of vitamin D3 per a 3.5
ounce serving. Cod liver oil and sun-dried mushrooms also naturally contain
vitamin D. Milk, some cereals, and some yogurts are fortified with vitamin D.
Typically, there is 100 IU (2.5 �g) in an 8 oz. glass of milk and some orange
juices.

The first vitamin D that was discovered was from the irradiation of yeast. This
vitamin D, known as vitamin D2, comes from the irradiation of ergosterol, which
is a major sterol component in yeast extract. The difference between vitamin D2

and vitamin D3 is that there is a double bond between carbons 22 and 23 in the
side chain and there is a methyl group on carbon 24 (Figure 10.8). Although
vitamin D2 is effective in preventing rickets and having all of the biologic func-
tions of vitamin D3, there is mounting evidence that vitamin D2 is only about

FIGURE 10.5 Serum concentrations of vitamin D in two lightly pigmented white (skin
type II) (a) and three heavily pigmented black (skin type V) (b) subjects after total-body
exposure to 54 mJ/cm2 of UVB radiation (c) after re-exposure of one panel b subject to
320 mJ/cm2 of UVB radiation. (From Clemens, T.L., Adams, J.S., Henderson, S.L., and
Holick, M.F., Lancet, 1, 74–76, 1982. With permission.)
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10 to 40% as effective as vitamin D3 in maintaining blood levels of 25(OH)D.21,22

Despite this difference in activity, 1 IU of vitamin D2 or vitamin D3 is equal to 25 ng. 
When vitamin D3 is made in the skin it is bound to the DBP, which transports

it to the liver. Both vitamin D2 and vitamin D3 (D represents D2 and D3) coming
from the diet are incorporated in the chylomicrons and absorbed into the
lymphatic system, which distributes the vitamin D into the venous circulation. It
is bound to the DBP as well as lipoproteins and travels to the liver.

FIGURE 10.6 (a) Circulating concentrations of vitamin D3 after a single exposure to 1
minimal erythemal dose of simulated sunlight with a sunscreen, with a sun protection factor
of 8 (SPF-8), or a topical placebo cream. (b) Circulating concentrations of vitamin D in
response to a whole-body exposure to 1 minimal erythemal dose in healthy young and elderly
subjects. (From Holick, M.F., Am. J. Clin. Nutr., 60, 619–630, 1994. With permission.)
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VITAMIN D METABOLISM AND
FUNCTIONS ON CALCIUM METABOLISM

Vitamin D is metabolized sequentially in the liver and kidneys on carbons 25 and
1 to form 1,25(OH)2D.1 The major factors that regulate the kidney’s production of
1,25(OH)2D include parathyroid hormone (PTH), as well as serum calcium, and
phosphorus (Figure 10.3).1,23 PTH, low-serum phosphorus, and low-serum
calcium all stimulate the kidney to produce more 1,25(OH)2D. Once 1,25(OH)2D
has carried out its biologic functions it induces its own destruction by stimulating
gene expression of the enzyme (25-hydroxyvitaminD-24-hydroxylase) cyp-24,
which places a hydroxyl group on carbon 24 followed by a hydroxyl group on
carbon 23 resulting in the oxidative cleavage of the 1,25(OH)2D side chain to
form the water-soluble and biologically inactive calcitroic acid.1,23 1,25(OH)2D
leaves the kidney bound to the DBP. Its major physiologic function is to maintain
serum calcium in a normal physiologic range in order to maintain most body
functions. It accomplishes this by interacting with its specific nuclear receptor,
the vitamin D receptor (VDR).23,24 When 1,25(OH)2D interacts with the VDR in
the small intestine, it signals the intestinal cells to increase the efficiency of the
absorption of dietary calcium (Figure 10.3). In a vitamin D deficient state, the
small intestine absorbs no more than 10 to 15% of dietary calcium. In a vitamin D
sufficient state the small intestine absorbs 30 to 40% of the dietary calcium.
During pregnancy, lactation and the growth spurt 1,25(OH)2D can increase this
efficiency up to 80%.19,23

FIGURE 10.7 Comparison of serum vitamin D levels after a whole-body exposure to 1
minimal erythemal dose of simulated sunlight compared with a single oral dose of either
10,000 or 25,000 IU of vitamin D2. (From Holick, M.F., Curr. Opin. Endocrinol. Diabetes,
9, 87–98, 2002. With permission.)
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1,25(OH)2D is also responsible for increasing the efficiency of dietary
phosphorus absorption. In a vitamin D deficient state approximately 60% of
dietary phosphorus is absorbed while in a vitamin D sufficient state the intestine
absorbs 80%.

When dietary calcium is inadequate to satisfy the body’s requirement,
1,25(OH)2D interacts with its VDR in the osteoblast, which is responsible for
bone mineralization. However, the interaction of 1,25(OH)2D with the osteo-
blast’s VDR results in the expression of receptor activator of NF�B(RANK) lig-
and (RANKL) on the plasma membrane of osteoblasts.1,25 This acts as a sentinel
for the precursor of the osteoclast, which has the receptor RANK on its cell sur-
face. The RANKL on the osteoblast signals the premature osteoclast to become a
mature cell. Once mature, the osteoclast releases enzymes to destroy the bone
matrix to release the precious calcium and phosphorus stores into the bloodstream
(Figure 10.9).

FIGURE 10.8 Structures of vitamin D2 and vitamin D3 and their precursors ergosterol and
7-dehydrocholesterol. (Copyright Michael F. Holick, 2003. Used with permission.)
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NONCALCIUM FUNCTIONS OF VITAMIN D

Almost every tissue and cell in the body possesses VDR, including the brain,
heart, pancreas, stomach, skin, skeletal muscle, monocytes, and activated T and
B lymphocytes.26 One of the functions of 1,25(OH)2D is to regulate cell growth
and maturation. 1,25(OH)2D is one of the most potent hormones that keep cellu-
lar growth in check.1 This is the likely explanation for why vitamin D deficiency
has been associated with increased risk of developing many common cancers
including cancer of the colon, breast, prostate, and esophagus.27–30

1,25(OH)2D also increases insulin secretion and is a potent regulator of the
immune system.1,31 Evidence suggests that vitamin D deficiency increases risk of
many common autoimmune diseases including type I diabetes, multiple sclerosis,
rheumatoid arthritis, and Crohn’s disease.1,32–35

1,25(OH)2D has also been demonstrated to regulate the production of the
blood pressure hormone renin in the kidney.36 This is the likely explanation for
the observation that the people who live at higher latitudes and are more prone
to vitamin D deficiency are at higher risk of cardiovascular heart disease and
hypertension.37–39

FIGURE 10.9 Both 1,25(OH)2D and PTH stimulate the mobilization of calcium from the
skeleton by interacting with their respective receptors on osteoblasts, which induce expres-
sion of receptor activator of NFkB (RANK) ligand (RANKL). The RANK on the immature
osteoclast binding to RANKL causes the osteoclast to mature. (Copyright Michael F.
Holick, 2004. Used with permission.)
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ROLE OF VITAMIN D IN SKELETAL MUSCLE FUNCTION

Classically, vitamin D deficiency causes proximal muscle weakness, i.e., weak-
ness in the muscles of the upper arms and upper legs. Typically, patients with
proximal muscle weakness have difficulty in getting up from a sitting position.
Signs of proximal muscle weakness can be seen in the children photographed in
Figure 10.1 and Figure 10.2. Muscle weakness was also the primary symptom
among Arab women in Denmark, who customarily covered themselves from the
sun.40 It had been assumed that the role of vitamin D on muscle function was by
its indirect action on maintaining calcium and phosphorus homeostasis. It is now
appreciated that vitamin D exerts direct effects on skeletal muscle function.

VDRs are present in human skeletal muscle.41,42 Although the exact function
of 1,25(OH)2D3 interacting with the VDR in skeletal muscle is not yet well under-
stood, there are a variety of studies that have shown that 1,25(OH)2D3 is critically
important for regulating skeletal muscle function. It is well known that aging is
associated with decreased skeletal muscle function and weakness. It has been
observed that the number of VDRs in skeletal muscle decreases with age. Thirty-
two women aged 21 to 91 years who had undergone hip or spinal surgery had
their skeletal muscle evaluated for the presence and number of VDRs. As can be
seen in Figure 10.10, there was a significant decrease in the number of VDRs with
increasing age.43 The number of VDRs in a 90-year-old was approximately 30%
of those in the skeletal muscle from a 20-year-old. Because the number of VDRs
is important for the function of 1,25(OH)2D3, these data suggest that the age-
related decrease in VDRs may be responsible for the muscle weakness observed
in older men and women.

One method to evaluate the importance of 1,25(OH)2D and its receptor on
skeletal muscle function is to develop a mouse model that does not have a VDR.
Endo reported that mice that were unable to express the VDR had small and vari-
able muscle fibers.44

It has been reported that the VDR genetype, i.e., polymorphism is associated
with efficiency of intestinal calcium absorption and may play a role in increasing
risk of osteoporosis.45,46 When the VDR genetype was evaluated with muscle
strength in nonobese older women, a 23% difference in quadricep strength and
7% difference in grip strength was observed between the VDR genetypes bb and
BB of the VDR.47 Further, confirmation of the importance of vitamin D in
skeletal muscle function and strength was provided by Bischoff et al.48 They
evaluated the NHANES III database and correlated serum levels of 25(OH)D
with lower-extremity strength in 4100 adults 60 years of age and older. As
seen in Figure 10.11, both men and women who had a 25(OH)D of �10 ng/ml
(�25 nmol/l) required at least 4 s to walk 8 ft. However, those adults who had a
25(OH)D of �30 ng/ml (�80 nmol/l), needed only approximately 3.7 s, 30%
less time, to walk the same distance. A similar observation was made for adults
who stood up from a sitting position. People with 25(OH)D levels of �10 ng/ml
took approximately 15 s to stand up, and those with 25(OH)D levels greater that
30 ng/ml took approximately 14 s to rise from sitting.48
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Ninety percent of hip fractures involve falls. Five percent of elderly persons
fracture due to falls each year and 20 to 40% of these falls involve hip fracture.
Pfeifer was one of the first to demonstrate that treatment of elderly ambulatory
women with 800 IU of vitamin D3 a day along with 1200 mg of calcium
decreased body sway by 9%.49

Bischoff conducted a double-blind randomized controlled trial of 122 elderly
women (mean age, 85.3 years; range 63 to 99 years) in a long-stay geriatric
care facility.50 The participants received 1200 mg of calcium plus 800 IU of
vitamin D3 a day. The control group received 1200 mg of calcium a day, but no
vitamin D supplementation. The women were followed for the number of falls
that they experienced over the next 12 weeks. Controlling for age, the number of
falls in a 6 week pretreatment period and baseline 25(OH)D levels revealed that
the mean number of falls per person per week was 0.034 in the calcium and
vitamin D group compared to 0.076 in the calcium fortified group. This translated
into a 49% reduction in falls. Fifty percent of the women had a 25(OH)D below
12 ng/ml and 90% were below 31 ng/ml. The women who received calcium
and vitamin D had a 71% increase in 25(OH)D levels and an 8% increase in
1,25(OH)2D compared to baseline values. The control group that only received
calcium had no significant change in 25(OH)D levels. In addition, musculoskeletal
function improved significantly in the group of women who received both
calcium and vitamin D. Sixty-two of the women completed all of the muscle

FIGURE 10.10 Regression plots of lower-extremity function on the 8-ft. (i.e., 2.4 m)
walk test and the sit-to-stand test by 25-hydroxyvitamin D (25(OH)D) concentrations.
Plots are adjusted for sex, age, race, or ethnicity, BMI, calcium intake, poverty–income ratio,
number of medical comorbidities, self-reported arthritis, use of a walking device, month of
assessment, activity level (inactive or active), and metabolic equivalents in the active elderly.
The vertical lines denote the reference range for 25(OH)D. (From Bischoff, H.A., Dietrich, T.
et al., Am. J. Clin. Nutr., 80, 752–758, 2004. With permission.)
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strength testing including grip strength, knee extensor and flexor strength, and
timed up and go test. There was significant musculoskeletal function improve-
ment in the calcium plus vitamin D group compared to the group that received
calcium alone.

It is important to consider vitamin D status in the elderly for muscle function
and strength in order to decrease risk of falling, and therefore, decrease the major
cause of fractures in the elderly.

DETECTION OF VITAMIN D DEFICIENCY

Vitamin D deficiency is probably the most common endocrinopathy for children
and adults. It has been estimated that more than 50% of adults over the age of 50
are vitamin D deficient.51–53 Young adults who always wear sun protection or are
working indoors during the time when the sun is able to make vitamin D3 in the
skin are also at risk of vitamin D deficiency. In Boston, it was reported that 32%
of young adults aged 18 to 29 years were vitamin D deficient at the end of
the winter.54 Recently, Sullivan reported in young white Maine girls aged 9 to
11 years that 48% were vitamin D deficient at the end of the winter, and 17%
who always wore sun protection remained vitamin D deficient at the end of the
summer.55 In Boston, Gordon56 reported that 52% of African American and
Hispanic adolescent boys and girls were vitamin D deficient throughout the year.
This is not only a problem for people that live in more northern latitudes, but also

FIGURE 10.11 Nuclei positive for the vitamin D receptor (VDR) by age. The scatter
plot gives the predicted number of VDR positive nuclei by age, controlling for biopsy
location (gluteus medius or transversospinalis muscle) and 25-hydroxyvitamin D serum
levels based on the linear regression model (age: � estimate � 	2.56; p � .047). (From
Bischoff, H.A., Borchers, M., Gudat, F. et al., J. Bone Miner. Res., 19, 265, 2004. With
permission.)
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is a global problem. Nesby-O’Dell57 reported that 42% of African American
women aged 15 to 49 years throughout the entire United States were vitamin D
deficient at the end of the winter.

The best method to monitor vitamin D status is to measure circulating con-
centrations of 25(OH)D.1 25(OH)D has a half-life in the circulation of approxi-
mately 2 weeks and is the major circulating form of vitamin D. It is a barometer
of vitamin D status that results from dietary intake and sun exposure. Circulating
concentrations of 1,25(OH)2D should not be measured to determine vitamin D
status. The reasons for this are that 1,25(OH)2D has a half-life of approximately
4 h in the circulation and circulates at 1000 times less concentration compared to
25(OH)D. Furthermore, as an individual becomes vitamin D deficient, there is a
compensatory increase in PTH levels, which stimulates the kidneys to produce
1,25(OH)2D. Thus, as a person is becoming vitamin D deficient, the 1,25(OH)2D
levels are typically either normal or mildly elevated. 

Serum calcium concentrations are usually normal in vitamin D deficiency
unless all of the calcium has either been mobilized from the skeleton or is
unavailable for mobilization. 

The assays that are used to measure 25(OH)D have been either radioim-
muno-assays (RIA), or competitive protein binding assays (CPBA) using the
DBP as the binder. However, since both the RIA and the CPBA assays typically
are performed on serum without any chromatography, these assays often over-
estimate the total 25(OH)D levels by as much as 20%.58 High-performance
liquid chromatography separates 25(OH)D2 and 25(OH)D3 from other vitamin D
metabolites and will quantitate total concentrations of both of these 25 hydrox-
ylated metabolites. However, this assay is often time-consuming and therefore,
is not commercially available. Recently, the sensitivity of mass spectroscopy
(MS) has been incorporated into the liquid chromatography (LC) system. The
tandem combination of LC with the MS provides a very sensitive and efficient
assay to measure 25(OH)D2 and 25(OH)D3. This recently became commercially
available and is likely to be one of the methods of choice to quantify 25(OH)D2

and 25(OH)D3.

STRATEGIES TO TREAT VITAMIN D DEFICIENCY

The simplest and least expensive way to maintain a normal vitamin D status is to
obtain sensible limited exposure to sunlight during the spring, summer, and
fall.1,15 Since vitamin D is fat soluble, if an adequate amount of vitamin D is pro-
duced during the spring, summer, and fall, it is stored in adipose tissue and
released during winter.

With the recognition that vitamin D deficiency is epidemic in both the
United States and Europe, it is not only important to detect this endocrinopathy,
but also to aggressively treat it. It has been estimated that 1000 IU of vitamin D3
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a day is required to satisfy the body’s requirement for vitamin D in the absence
of any sun exposure.59–61 However, with the vitamin D tank being empty, it is
important to fill it before vitamin D supplementation of 1000 IU of vitamin D3 a
day is initiated. In the United States, only vitamin D2 is available in pharmaco-
logic doses. Typically, I treat patients with 50,000 units of vitamin D2 once a
week for 8 weeks. This often raises blood levels of 25(OH)D by more than 100%
and raises the blood levels into the 30 to 40 ng/ml range.53,62 I typically treat
patients who are prone to vitamin D deficiency with 50,000 units of vitamin D2

every other week after correcting their vitamin D deficiency. This often keeps the
25(OH)D in the range of 30 to 40 ng/ml, which is considered to be ideal for max-
imizing intestinal calcium absorption.63 I check their 25(OH)D levels after the 8
weeks of vitamin D2 therapy and once a year, ideally in November or December. 

There are approximately 10 million Americans who suffer from some type of
fat malabsorption syndrome. Often, they are unable to absorb dietary vitamin D.
Vitamin D is no longer available for intramuscular injection mainly because it
was not very bioavailable. Intravenous use of vitamin D does not work and there-
fore, is infrequently used. A simple method for correcting vitamin D deficiency
in patients who are unable to absorb any vitamin D through the gastrointestinal
tract is to have the patients exposed to UVB radiation either from a tanning bed
or from a lamp source that emits this type of radiation. Typically, I recommend
that patients who go to a tanning salon be exposed to 25% of the time recom-
mended for maximized tanning. This will reduce the risk of skin damage, while
maximizing vitamin D3 production in the skin. We observed in a patient with
Crohn’s disease who had only 2 ft. of small intestine left, that when exposed to
tanning bed radiation three times a week for 3 months, she had a 700% increase
in her 25(OH)D levels and had complete resolution of her muscle aches and bone
pains associated with vitamin D deficiency osteomalacia.64

VITAMIN D INTOXICATION

It is very difficult to cause vitamin D intoxication. Although the safe upper limit
for vitamin D for adults is 2000 IU/day, Vieth reported that healthy men receiv-
ing 4000 to 10,000 IU of vitamin D a day demonstrated no signs of toxicity.65

Typically, tens of thousands of units of vitamin D a day need to be ingested before
vitamin D intoxication is observed.65–67 The hallmark for vitamin D intoxication
is hypercalcemia and hyperphosphatemia associated with a 25(OH)D level of
greater than 100 ng/ml.

CONCLUSION

The expanded roles of vitamin D are illustrated in Figure 10.12. Since VDRs are
present in almost all of the tissues in the body, more fundamentally important roles
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of vitamin D are anticipated to emerge. Because vitamin D is so important for health,
measurement of 25(OH)D once a year, preferably at the end of the fall season, is
prudent and cost-effective in preventing and treating musculoskeletal conditions.
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Editor’s Note

Indoor activities, sunscreen, glass enclosures, low-fat diets, and south-to-north
migration all contribute to the high prevalence of vitamin D deficiency. Obesity
may also be a risk factor. At first this may seem counterintuitive since vitamin D
is a fat-soluble vitamin stored in adipose tissue. However, recall that vitamin D

FIGURE 10.12 The biologic consequences of the metabolism of 25-hydroxyvitamin D3

(25(OH)D3) to 1 25dihydroxyvitamin D3 (1,25(OH)2D3) in the kidney and other organs.
(Copyright Michael F. Holick, 2004. Used with permission.)
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synthesized from sunlight must travel through the skin to the liver to begin
activation. Obese persons may saturate adipose tissue with vitamin D before
sufficient amounts can reach the liver to begin activation.67 Low-serum 25-OH-D
has been found in obese persons with adequate adipose tissue levels. Furthermore,
people who undergo malabsorptive-type bariatric surgery destroy their vitamin D
as the fat is being mobilized, and therefore remain vitamin D deficient after the
surgery.
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CHROMIUM AND HUMAN HEALTH

Trivalent chromium (Cr) is essential to human health. The essentiality of Cr has
been known since the late 1950s from animal studies, and conclusive documen-
tation in humans was not provided until 1977, when it was reported that a lady on
total parenteral nutrition developed severe signs and symptoms of diabetes that
were refractory to insulin.1 Addition of Cr to her total parenteral nutrition solu-
tion led to a normalization of the signs and symptoms of diabetes, and exogenous
insulin was no longer required. This work has subsequently been verified in the
literature on three separate occasions.2–4 Since these studies, there have been
numerous studies documenting the role of Cr in human and animal nutrition, and
the reader is urged to consult recent reviews5–7 as well as those that question the
essentiality and safety of Cr.8,9

Chromium: Roles
in the Regulation of
Lean Body Mass and
Body Weight

Richard A. Anderson, Ph.D.
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Human studies suggest the following:

1. Healthy normal subjects with good glucose tolerance do not respond
to supplemental Cr. This is to be expected because Cr is a nutrient and
not a therapeutic agent and will, therefore, only be of benefit to those
who are showing signs of deficiency.

2. Studies of Cr use of 250 �g or less per day do not consistently show
significant effects. The inconsistency of the data is likely a function
of absorption, which varies considerably with different Cr forms. See
Table 11.2.

3. Studies involving subjects with impaired glucose tolerance or dia-
betes and consuming more than 250 �g of Cr usually do show signif-
icant effects of supplemental Cr.

SIGNS AND SYMPTOMS OF CHROMIUM
DEFICIENCY IN HUMANS

Obese rats consuming supplemental Cr picolinate displayed lower insulin levels,
improved glucose control, and increased phosphoinositol-3-kinase activity.10 An
effect of Cr on phosphoinositol-3-kinase documents a specific effect of Cr in a
key control site in the insulin signaling cascade, which is the system responsible
for the overall control of the sugar, fat, and energy metabolism. These observa-
tions prompted scientists to examine Cr’s role in insulin resistance and the closely
related body composition in humans.10,11

The signs and symptoms of Cr deficiency reported for humans are shown in
Table 11.1. Chromium deficiency leads to decreased insulin sensitivity, and there-
fore variables that are regulated by insulin are often altered by Cr deficiency. In
the presence of Cr in a useable form, lower amounts of insulin are required.
Several early studies have shown that supplemental Cr has beneficial effects on
risk factors associated with cardiovascular disease including total cholesterol,
triglycerides, and HDL cholesterol,11–14 and blood Cr has also been shown to be
inversely related to cardiovascular disease.15,16 These older studies have been
questioned because of analytical difficulties, but the basic premise that body Cr
concentrations are inversely related to the incidence of cardiovascular diseases
has been substantiated, and recent studies show that diabetic men with cardio-
vascular disease have lower toenail Cr than do healthy control subjects.17

Chromium has also been shown recently to be beneficial in the treatment of
depression and to be free of negative side effects.18 Studies on rats show that Cr
picolinate also affects brain serotonin and noradrenaline, which helps explain its
effects on depression in humans.19 There are also preliminary studies on the
role of Cr in the reversal of polycystic ovarian syndrome, which is characterized
by decreased insulin sensitivity, and new studies are also emerging on the
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substantiation of earlier studies reporting the reversal of gestational diabetes with
supplemental Cr.20

Chromium was shown to have highly significant effects on fasting and post-
prandial glucose and insulin of 155 people with type 2 diabetes.21 There was a
dose–response effect over four months, with larger effects at 1000 �g of Cr per
day as Cr picolinate than at 200 �g per day. In addition to improvements in glu-
cose and insulin, hemoglobin A1C decreased from 8.5 � 0.2% to 6.6 � 0.1% in
the group receiving 1000 �g of Cr as Cr picolinate (hemoglobin A1C values
below 6.5% are in the upper range of normal for older subjects), while hemoglo-
bin A1C values were intermediate (7.5 � 0.2%) in the group receiving 200 �g
daily. These results were confirmed recently in a double-blind placebo controlled
study involving 50 subjects with type 2 diabetes.22 Similar to the earlier study of
Anderson et al.,21 supplemental Cr (200 �g twice daily as Cr picolinate) led to
significant improvements in fasting and postprandial glucose and hemoglobin
A1C. As stated previously, not all studies have reported significant effects of
supplemental Cr and the reader is urged to consult detailed reviews on the effects
of supplemental Cr.5,7,23

TABLE 11.1
Signs and symptoms of chromium deficiency observed in humans

Impaired glucose tolerance
Elevated circulating insulin
Decreased insulin binding
Decreased insulin receptor number
Glycosuria
Fasting hyperglycemia
Hypoglycemia
Elevated cholesterol
Decreased HDL cholesterol
Elevated triglycerides
Increased ocular eye pressure
Decreased lean body mass
Increased fat mass
Increased body weight
Gestational diabetes
Steroid-induced diabetes
Type 2 diabetes
Atypical depression
Peripheral neuropathy
Encephalopathy

Note: All these signs and symptoms except the last two have been observed in normal free-living
subjects consuming their normal diets.
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CHROMIUM AND LEAN BODY MASS AND BODY WEIGHT

The fact that not all studies show beneficial effects of supplemental Cr on lean
body mass8,24,25 is consistent with the expected observations that not all people are
marginally or overtly deficient in Cr. In addition to the selection of subjects, dura-
tion of study, and form of Cr, the effects of Cr on weight and lean body mass may
be masked by poor diets and a sedentary lifestyle. Chromium should be consid-
ered as one factor that affects insulin sensitivity and related lean body mass but is
certainly not, for most individuals, the dominant factor.

Recent meta-analysis showed that there was a significant reduction in body
weight caused by Cr, but it was stated that “a body weight reduction of 1.1 to 1.2 kg
during an intervention period of 10 to 13 weeks (i.e., 0.08 to 0.1 kg/week) seems
too small to be clinically meaningful.”26 Improvements in this range, if sustained,
could lead to loss or prevention of gain of roughly 4 kg or 8 lb per year, which
certainly could lead to large changes over time. Improvements in insulin-related
variables that affect body weight and lean body mass are because of changes in
metabolism and should not be confused with those associated with changes in
dietary intake and energy expenditure. Lasting changes in insulin sensitivity and
changes in metabolism could lead to lasting changes in body weight and compo-
sition. However, the long-term lasting and cumulative effects of Cr have not been
determined.

In a study involving 20 M and 20 F swimmers receiving 400 �g daily of Cr
as Cr picolinate, Cr significantly increased LBM (3.3%), decreased fat mass
(	4.6%), and decreased percent body fat (	6.4%) compared with the placebo
group.27 Females had a greater change for percent fat compared with males (	8.2
and 	4.7%, respectively). Effects were not significant after 12 but only after 24
weeks. This study supports the concept that studies involving Cr supplementation
and LBM should be longer than 12 weeks and involve 400 �g of supplemental Cr
daily or more.24

In a study involving very low calorie diets (3.34 MJ/d), diets were supple-
mented daily with placebo, 200 �g of Cr as Cr picolinate, or 200 �g of Cr as Cr
yeast for 6 months.28 Subjects were on the 3.34 MJ/d diet for the first 8 weeks.
Weight losses in all groups after the initial 8 weeks were similar. After an addi-
tional 16 weeks, LBM was lower except in the group consuming Cr picolinate,
with an increase of 1.81 � 2.7 kg (p � .0001). Therefore, Cr consumed during
and after weight reduction induced by a low calorie diet increased lean body
mass. This may decrease the “yo-yo dieting effects” because weight loss would
lead to a relative preservation of lean body mass and preferential fat loss.
Normally dieting is associated with loss of both muscle and fat, but when weight
is regained, there is increased accumulation of fat and not lean body mass.
Because muscle tissue burns three times more calories than fat tissue, there would
be even greater weight gains caused by the consumption of the same number of
calories as before the diet, when muscle mass was greater.

In a study involving 154 subjects consuming a protein and carbohydrate
drink containing no added Cr or 200 or 400 �g of Cr as Cr picolinate, both
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groups consuming Cr displayed improved body composition after 72 days.29

Subjects were free-living and were not provided with weight loss, dietary, or
exercise guidance. Body composition was measured by using underwater
weighing with residual lung volumes determined by helium dilution. There
were no significant changes in the placebo group. Body composition changes
tended to be greater in the older subjects and in those consuming the higher
level of Cr.

These studies involving improved LBM due to supplemental Cr in humans
are supported by animal studies conducted mainly using pigs. Chromium
increases longissimus muscle area and decreases percent fat in pigs.30,31 Some
studies have reported that Cr has no effects on LBM, but this may be related to
form of Cr used (see the section “Form of Chromium”). But following the original
studies showing beneficial effects of Cr on lean body mass, pig producers started
adding Cr to the feed of sows, which would also affect the Cr status of the young
pigs.32 Using a highly available form of supplemental Cr, Cr was shown recently
to increase carcass lean percentage, increase longissimus muscle area, and
decrease back fat thickness and carcass fat percentage in pigs.33

Recent studies involving goats have helped elucidate and substantiate the role
of Cr in weight control. Goats fed a high-refined carbohydrate, low-Cr diet also
show elevated blood glucose and insulin.34,35 The increases in blood glucose after
20 months of a low-Cr diet were 33% and that of circulating insulin almost 200%
in comparison with the control group. There were also large increases in weight
gain in the animals consuming the low-Cr diet compared with those of the con-
trols (Figure 11.1, lower panel), with corresponding increases in feed consump-
tion (Figure 11.1, upper panel). The increases in weight gain are attributed to the
antilipolytic effects of insulin leading to accumulation of triglycerides in the adi-
pose tissue. Elevated insulin levels in the low-Cr animals would also lead to
decreased glucagon. Because glucagon stimulates lipolysis, decreased glucagon
may lead to decreased lipolysis and subsequent accumulation of body fat and
weight gain.

There were no effects until after 28 weeks on the low-Cr diet of low nutri-
tional quality. If it takes more than 28 weeks to detect significant changes in body
weight in rapidly growing goats, it is not surprising that most of the human stud-
ies, which are usually 12 weeks or less in duration, also are unable to detect
significant changes in people with conventional diets.

While there are numerous anecdotal reports of Cr changing cravings for sugar
and effects on total caloric intake, the studies of Frank et al.34,35 are the first to
report increased dietary intake in the low-Cr animals. Studies involving pigs
report increased feed efficiency on account of Cr in animals consuming diets of
marginal nutritional quality as well as effects on lean body mass and litter size.31

Chromium decreases cortisol concentration in humans.36 This becomes
important regarding weight control because cortisol increases circulating insulin
and increases fat accumulation.37 Adrenalectomy of obese rats leads to a normal-
izing of insulin and decreased fat accumulation, and after glucocorticoid admin-
istration, there is a return to elevated insulin levels and accumulation of fat.38
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CHROMIUM INTAKE AND REQUIREMENTS

The estimated safe and adequate daily dietary intake (ESADDI) for Cr for
children 7 years old to adults of 50 to 200 �g/d was established by committees
of the U.S. National Academy of Sciences in 1980 and affirmed in 1989. The
ESADDI is similar to an RDA and is usually established before the RDA. The
Food and Drug Administration proposed a reference dietary intake for Cr effec-
tive in 1997 of 120 �g/d. However, the new committee of the Institute of
Medicine has proposed that the normal intake of Cr should serve as the adequate
intake — 20 �g for women and 30 �g for men more than 50 years old and 25 �g
for women and 35 �g for men 19 to 50 years old.39 It is unclear why the adequate
intake for Cr is lower for people more than 50 years old when one of the primary
functions of Cr is to combat problems associated with the insulin and glucose
metabolism, which increase with age.40 Indices of Cr status such as the Cr con-
tent of hair, sweat, and urine were shown to decrease with age in a study involv-
ing more than 40,000 people.41

The proposed adequate intakes are nearly identical to the average of intakes
reported in 1985 of 25 � 1 �g for women and 33 � 3 �g for men.42 There
have been more than 30 studies reporting beneficial effects of supplemental Cr for
people with blood glucose values ranging from hypoglycemia to diabetes when
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FIGURE 11.1 Feed intake and body weight of goats fed a low-Cr diet, gray bars, and diet
supplemented with Cr, black bars. *Significant effect of Cr at p � .05; significance not
given in original source for food intake.

Source: Adapted from Frank et al.35
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consuming diets of similar Cr content.5,7,23 In a controlled diet study, consumption
of normal diets in the lowest quartile of normal Cr intakes but near the new ade-
quate intakes led to detrimental effects on glucose43 in subjects with marginally
impaired glucose tolerance (90 min glucose between 5.5 and 11.1 mmol/l, (100
to 200 mg/dl) after an oral glucose load of 1 g/kg body weight. The average
person of more than 25 years age has blood glucose in this range.40 Consumption
of the same diets by people with good glucose tolerance (90 min glucose less than
5.5 mmol/l) did not lead to changes in glucose and insulin variables. This is con-
sistent with previous studies demonstrating that the requirement for Cr is related
to the degree of glucose intolerance and demonstrates that an intake of 20 �g/d
of Cr is not adequate for people with decreased insulin sensitivity such as people
with marginally impaired glucose tolerance and certainly not for those with
impaired glucose tolerance or diabetes.

The intake of Cr may also have decreased because of changes in methods of
food preparation. Trace Cr is absorbed from the containers in which it is prepared.
For example, Cr is present in beer in moderate concentrations. Initially this was
attributed to the yeast used in brewing. More recently it has been appreciated to
be the result of the metal containers with which beer comes in contact during
brewing. Stainless steel is an amalgam generally containing 18% Cr. When foods
with an acidic pH are prepared in stainless steel cookware, the Cr content of the
food increases measurably. The shift from steel to cookware with nonstick coat-
ings therefore reduces the population-wide Cr intake.

The metabolic need for chromium has increased. Previously adequate dietary
intakes are likely to be suboptimal for insulin signaling in modern-day living. For
example, foods high in refined carbohydrates enhance Cr losses.44 States that
increase cortisol levels also increase Cr loss. The studied examples include
intense exercise, cold exposure, infection, burns, and trauma. Exogenous corti-
costeroid administration in treatment of various medical conditions also increases
Cr losses and therefore Cr need.45,46

Both pregnancy and lactation increase demand for Cr as well as many other
nutrients. During these physical states, gastrointestinal absorption of Cr has been
shown to increase correspondingly.47 However, the Cr demand exceeds absorp-
tion and may play a role in the breakdown of insulin signaling during pregnancy,
often called gestational diabetes.20

Supplemental iron is used to enhance athletic performance. Iron is also taken,
often unknowingly, in supplements or as fortified foods. Persons homozygous or
heterozygous for hemochromatosis (approximately 2% of the population) absorb
more of this dietary iron than is helpful, increasing body iron stores to the detri-
ment of their metabolism. Iron competes with Cr for receptor binding sites, which
functionally decreases Cr. Elevated iron stores lead to insulin resistance and
bronze (skin color of patients with late stage disease) diabetes. Cr insufficiency is
a contributing factor. Therefore Cr supplementation is likely to be beneficial in
persons with increased body iron stores.
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TRACE LEVELS OF CHROMIUM

The designation of Cr as a trace element comes from early studies in which the
Cr concentrations of tissues and body fluids were too low to be accurately deter-
mined but in which it appeared that a “trace” amount was present. The amount of
Cr in tissues and body fluids is in the parts per billion range (ng/g). To put this in
perspective, this is less than one penny in ten million dollars! Normal Cr concen-
trations in the blood are usually in the range of 0.1 to 0.5 ng/g,48 with similar con-
centrations in the urine49 of people consuming normal diets without consuming Cr
supplements. Supplemental Cr usually increases these values fivefold to 10-fold
(see the section on Form of Chromium). There are no reliable data on the Cr con-
centrations in human tissues because human samples are often contaminated
during the collection or storage of tissues in part because of the ubiquitous use
of stainless steel (roughly 18% Cr) in the medical industry. Chromium concen-
trations in the tissues of rats are in the range of 1 to 10 ng/g on a wet weight basis,
with the highest concentrations in the kidney.50 Chromium supplementation leads
to linear increases in Cr concentrations in the tissues, with the greatest concen-
trations in the kidneys.50,51 Increases in tissue Cr remain linear at dietary intakes
ranging from 5 to 100 mg of Cr/kg of diet.

FORM OF CHROMIUM

All ingested Cr found in the urine, except contaminating Cr, was absorbed.
Therefore, because there is a rapid turnover of most of the absorbed Cr, urinary
Cr losses in response to a Cr load can be used as a measure of Cr absorption.52

Chromium chloride alone increases urinary Cr losses more than twofold
(Table 11.2). The Cr nicotinate complexes appeared to be poorly absorbed, and the
urinary losses were not significantly greater than those for days when additional
Cr was not consumed. The Cr pidolate complex, which improved the antioxidant
variables of subjects with type 2 diabetes mellitus (DM),53 was absorbed in a
manner similar to that of Cr chloride. The Cr nicotinate–glycinate–cysteinate–
glutamate complex was poorly absorbed, in contrast to what was observed in rat
studies.50 Chromium methionate, a supplement which is often used in animal stud-
ies,54 was not absorbed as efficiently as the Cr picolinate complexes. Complexes
containing histidine were absorbed the best among the Cr complexes tested.
Addition of histidine to the amino acid complexes tested increased Cr absorption,
and the complexes with the highest Cr absorption were the Cr complexes synthe-
sized with histidine (Table 11.2).

Starch, has been shown to increase Cr absorption when added to the diet of
rats but was shown to strongly inhibit Cr absorption in humans when added to
several forms of Cr before the Cr capsules were made.52 Chromium added to a
popular multivitamin and multimineral complex was also shown to be not
absorbed (unpublished observation). Therefore, there should be some measure of
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Cr absorption in studies involving Cr supplementation to ensure that the form of
Cr, under the conditions used, is being absorbed.

SAFETY OF CHROMIUM

There is no clinical evidence of Cr toxicity in humans. Some isolated anecdotes of
poor health outcomes in persons taking supplemental Cr have been reported in the
literature, and each of these has an alternate explanation for the adverse outcome.

Trivalent Cr, the form of Cr found in foods and nutrient supplements, is con-
sidered one of the least toxic nutrients. The reference dose established by the U.S.
Environmental Protection Agency for Cr is more than 2000 times the new ade-
quate intakes. The reference dose (RfD) is defined as “an estimate (with uncer-
tainty spanning perhaps an order of magnitude) of a daily exposure to the human
population, including sensitive subgroups, that is likely to be without an appre-
ciable risk of deleterious effects over a lifetime.”55 This conservative estimate of
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TABLE 11.2
Urinary chromium losses of human subjects after
consumption of designated chromium compounds

Form of chromium Urinary Cr losses (ng/g)

Basal losses 256 � 48d

�Cr chloride 655 � 74c

�Cr nicotinate 262 � 69d

�Cr nicotinate (commercial) 160 � 60d

�Cr-NA-GLY-CYS-GLUa 300 � 92cd

�Cr pidolate 643 � 131c

�Cr methionate 1065 � 199bcd

�Cr picolinate 2082 � 201b

�Cr picolinate (commercial) 2048 � 327b

�Cr glycinate–glutamate–histidinate 2188 � 169b

�Cr histidinate

Notes: 1. Subjects consumed 200 �g of Cr of each of the forms, and urine
was collected the day of consuming the Cr and the following day (data
are for the two days combined). Urinary Cr losses are a measure of Cr
absorption because all Cr in urine (except contaminating Cr) has been
absorbed.
2. Values with different superscripts are significantly different at p � .05.
aChromium nicotinate–glycinate–cysteinate–glutamate complex.

Source: Anderson et al.52

DK6006_C011.qxd  11/11/2005  3:01 PM  Page 183



a safe intake has a much larger safety factor for trivalent Cr than almost any other
nutrient. The ratio of the RfD to the adequate intake or RDA is 2000 or more for
Cr, compared with less than 2 for other trace elements such as zinc, roughly 2 for
manganese, and 5 to 7 for selenium. Anderson et al.51 demonstrated a lack of
toxicity of Cr chloride and Cr picolinate in rats at levels more than 2000 times the
upper limit of the adequate daily dietary intake for humans (based on body
weight). There have been no documented toxic effects at oral intakes of Cr of 10
to 50 times the normal intakes, and most of the studies report beneficial effects.

Physiology allows variable absorption of Cr, based on needs. The chromium
absorption from foods is inversely related to the dietary intake.42 At daily intakes
of roughly 10 �g, absorption is 2% and decreases to 0.5% at 40 �g.

There are several studies reporting toxic effects of injected Cr in animals or
in cell culture systems where there are minimal normal protective measures. The
largest protective mechanism for Cr is the gastrointestinal tract, which allows
usually less than 2% of the Cr to be absorbed. Not even studies with oral Cr
intakes far outside the normal supplemental intake ranges show signs of toxicity
for trivalent Cr, and the committee of the Institute of Medicine involved with set-
ting recommended intakes as well as upper limits of intake was not able to set an
upper limit for Cr because there were no adequate studies reporting signs of Cr
toxicity when Cr was consumed by the normal means.39 Toxicity studies con-
ducted with injected Cr should not be confused with those involving oral intakes
because not only is the absorption of Cr low (usually less than 2%) but toxic
forms of Cr may be changed in the absorption process. For example, low levels
of toxic hexavalent Cr can be converted to the relatively nontoxic trivalent form
in the normal processes associated with absorption.

Chromium picolinate, the most popular form in nutritional supplements, has
been reported to have toxic effects under nonphysiological conditions in cell cul-
tures, in fruit flies, and after injection in rats (see review in reference 8). With
these studies in mind, even higher levels than those used in the study of Anderson
et al.51 were fed to rats and mice to monitor toxicity at levels thousands of times
those that would normally be found under conditions of supplementation.56

Chromium was added to the diet because the oral route would more closely
mimic the effects associated with high levels of Cr supplementation. Rats and
mice were fed up to 50,000 ug of Cr picolinate monohydrate for 13 weeks with
no effects on body weights, organ weights, survival, clinical chemistry parame-
ters, hematology, or histopathology. The amount of Cr picolinate administered to
the animals was sufficient to turn the feces of the animals red on account of the
red color of the Cr picolinate, but still no toxicity was detected.56 These results
obviously do not suggest that there are no conditions where Cr ingested orally
would not be toxic, but the levels are far outside the range of normal intake asso-
ciated with supplemental Cr. Chromium picolinate has been reviewed under the
demanding requirements of a Generally Recognized as Safe (GRAS) determina-
tion and has been found to be safe at exposures to Cr (as Cr picolinate) at least as
high as 900 �g/d.57
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Editor’s note

Chromium (Cr) is an essential trace mineral present in human tissues at concen-
trations less than 1/100th that of iron. These are concentrations so small that only
recent technologic advances have made measurements possible. Cr influences
specific enzymes in the insulin signaling pathway that lead to increased insulin
sensitivity. Insufficient Cr is associated with insulin resistance, resulting in gradual,
unfavorable changes in body composition. There is evidence that whereas Cr
intake may have only decreased slightly in the recent decades, the body’s demand
has increased appreciably because of modern-day stressors and refined carbohy-
drates, which increase Cr losses. Patients on prednisone, persons with insulin
resistance, and persons experiencing physical stress have demonstrated benefits
from additional Cr intake.

SUMMARY

Dietary intakes of Cr are often suboptimal, based upon the fact that there are
numerous peer-reviewed studies documenting beneficial effects of Cr on insulin
sensitivity, body composition, and related variables. At suboptimal levels of Cr,
higher levels of insulin are required. The response to Cr is dependent upon the Cr
intake and status, degree of glucose intolerance, stage and duration of diabetes,
age, and lean body mass of the subjects. Obviously there are many factors that
alter insulin sensitivity and body composition, and Cr is only one of these factors
and therefore will only be of benefit to those whose insulin resistance is caused
by suboptimal dietary Cr. Chromium is safe at all of the levels tested for oral
intakes and therefore may be a safe and inexpensive aid to improved glucose and
insulin metabolism and body composition.
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METABOLIC RATE

THERMIC EFFECT OF FOOD

The 24-h energy expenditure can be broken down into three components, the
thermic effect of food, the resting metabolic rate, and the energy cost of physical
activity (Figure 12.1). The thermic effect of food is defined as the amount of
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energy required to digest, absorb, and further process the energy-yielding nutrients
in food (i.e., fat, protein, carbohydrate). These energy-expending processes for
preparing food prior to its use in intermediary metabolism generate heat, and are
therefore collectively called the thermic effect of food (TEF) or, alternatively,
diet-induced thermogenesis. The contribution of the TEF to the 24-h energy
expenditure is minimal, and ranges from 5 to 10%. Given a daily energy expen-
diture of 2500 kcal (10.46 MJ), the TEF would be between 125 and 250 kcal (523
and 1046 kJ).

The metabolic pathways for storing excess dietary fat in the body are more
efficient than converting excess carbohydrate and protein into their storage
forms, glycogen and fat. Consequently, the TEF for a high-protein or high-
carbohydrate meal is greater than that for a high-fat meal. However, the TEF can
only be increased by about 50 kcal (209 kJ) per day by altering the macronutri-
ent composition of the diet. In addition, large meals produce higher values for
TEF than the same amount of food consumed over several hours. Possible mech-
anisms to explain the elevated TEF with a large meal include increased central
nervous system activity, greater production and release of hormones, greater
enzyme activity, and an increased rate of absorption of nutrients. Nonetheless,
variance in the TEF does not seem to make a difference in body fat stores within
or among individuals.

RESTING METABOLIC RATE

The minimal amount of energy expended to sustain the basic body functions is
called the resting metabolic rate (RMR). The RMR amounts to about 1 kcal kg–1
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FIGURE 12.1 Relative contributions of resting metabolic rate (RMR), thermic effect of
food (TEF), and physical activity to 24-h energy expenditure.
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(4 kJ) of body weight per hour or roughly 1800 kcal (7.53 MJ) per day for the
average 75-kg man. The RMR accounts for approximately 60 to 75% of the total
daily energy expenditure, and, therefore, anything that alters the RMR has the
potential to significantly impact body fat stores. Factors that have been implicated
in the variance found for RMR within and among individuals are body composi-
tion, gender, race, restrictive dieting, and exercise. Some of these factors are inter-
related, some are subject to behavior modification, and yet some are nonmodifiable.

Body Composition

Individual differences in lean body mass account for most of the 25 to 30% vari-
ation in RMR among individuals. Persons with greater amounts of lean body
mass have higher RMRs than those with less lean body mass. Fat mass adds rel-
atively little to the RMR (Table 12.1). In fact, the RMR of obese individuals is
strongly related to their lean body mass, not their fat mass. Variation in RMR
within an individual is predominantly attributed to fluctuations in lean body mass.
When an overweight or obese person loses weight, his or her RMR decreases in
proportion to the amount of lean body mass that is lost. If RMR is expressed in
absolute terms (kcal d–1), obese individuals generally have values that are higher
than nonobese persons, because the obese most often carry additional lean body
mass with their added adiposity. If an individual gains muscle mass through ath-
letic training, his or her RMR increases in proportion to the lean mass gained.

Muscles, organs, bone, and fluids make up most of the lean body mass. The
tissues and organs that contribute most to the RMR are the liver, skeletal muscles,
brain, heart, and kidneys (Table 12.1). The size of each of these is directly related
to body size. The size of the skeletal muscle mass is also related to body type,
muscle development, and age.

Maintaining muscular fitness through aging can help slow the loss of lean
tissue and maintain the RMR (Chapter 18). However, declining lean body mass
and decreased muscularity in older adults do not fully account for the reduction in
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TABLE 12.1
Relative contributions of the tissues and organs to the
RMR

Organ/tissue kcal d	1 Relative contribution (% RMR)

Liver 476 28
Brain 323 19
Heart 153 9
Kidneys 136 8
Muscle mass 306 18
Fat mass 34 2
Reminder 272 16
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RMR of about 2% per decade after the age of 30 (Figure 12.2). It is hypothesized
that the organs themselves become less active metabolically, and that this contributes
to the decline in RMR with age.

Gender and Race

Many researchers have reported differences in RMR between men and women
over a wide range in age and body weights. The consensus is that women have an
RMR that is 5 to 10% lower than men. However, this does not necessarily reflect
a true gender difference in the metabolic rates of individual tissues or organs.
More likely, it reflects a difference in body composition between the genders. A
woman generally possesses more body fat and less muscle mass than a man of a
comparable weight and size. Since adipose tissue is metabolically less active than
muscle tissue, the RMR of women is proportionately reduced when compared to
men because of women’s increased adiposity.

African-American men and women have a lower RMR than Caucasians and
the magnitude of difference between the races is similar for both men and
women.1,2 These reports have measured the RMR for African-Americans to be
anywhere from 5 to 20% below that of Caucasians. The difference in the RMR
over a 24-h period ranges from 80 to 200 kcal (335 to 837 kJ). This metabolic
discrepancy cannot be attributed to differences in age, body mass index, body
composition, daily activity levels, menstrual cycle phase, or fitness level. The
mechanism underlying this metabolic discrepancy has not yet been identified, and
it is still controversial as to whether this difference in RMR between races is the
cause of the higher prevalence of obesity in African-Americans.

Depressed RMR has been associated with high levels of obesity in south-
western American Indians.3 The estimated risk of gaining more than 7.5 kg was
four times greater for persons with an RMR that was 200 kcal d–1 (837 kJ) lower
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FIGURE 12.2 Average resting metabolic rate with age.
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than predicted as compared to individuals with an RMR 200 kcal d–1 (837 kJ)
above predicted values. Furthermore, a low RMR was found to be predictive of
weight gain over a 4-year period in the same southwestern American Indians.
Finally, values for RMR aggregated in families, with an intraclass correlation of
0.48 between RMR and magnitude of obesity. Although the mechanistic causes
have not been elucidated, the data from these studies show that RMR differs
among the races.

Calorie-Restricted Diets

Although logic seems to dictate that energy-restricted diets should assist weight
control efforts by creating a negative energy balance, data now show that severe
calorie restriction may actually hinder attempts at weight control. Bray was the
first to demonstrate that a reduction in energy intake results in a decline in RMR.
Later, he found that this decrease in RMR was about 15% when subjects were
removed from a maintenance diet of 3500 kcal d–1 (14.64 MJ) and placed on a
very-low-calorie diet of 450 kcal d–1 (1883 kJ).4

Although RMR drops while a person is on a very-low-calorie diet, most
authors agree that when energy intake is restored to predieting levels, the RMR
also returns to predieting levels, unless there is a decrease in lean body mass. In
which case, the postdiet RMR per lean body mass ratio (RMR–LBM) would be
equivalent to predieting levels. However, an early research paper contests that
severe energy restriction lowers RMR–LBM significantly.5 During this study,
obese women were placed on a very-low-calorie diet for 3 weeks. The RMR–LBM
declined to 94, 91, and 82% of the original value on days 3, 5, and 21, respec-
tively (Figure 12.3). More research needs to be conducted in order to determine
the long-term effects of energy-restricted diets on RMR, both for the chronic
dieter as well as the person with anorexia.
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FIGURE 12.3 Resting metabolic rate per unit of lean body mass, during 21 days of
very-low-calorie dieting.
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Exercise

Even though less than 20% of the RMR is attributed to skeletal muscle,6 the most
dramatic effect on metabolic rate is strenuous exercise. During strenuous exer-
cise, the total energy expenditure of the body may increase 15–25 times above
resting levels.6 This enormous elevation in the body’s metabolic rate is the result
of a 200-fold increase in the energy requirement of exercising muscles.6

Exercise physiologists have contended for years that aerobic exercise training
increases RMR. More recent investigations, however, infer that aerobic exercise
training does not automatically increase RMR significantly. For example, Wilmore7

showed that RMR remained unchanged following 20 weeks of aerobic exercise
training in men and women of all ages, in spite of a large increase of 18% V

.
O2max.

Nonetheless, aerobic exercise may prevent the common age-related decline in
RMR.8 Endurance-trained, middle-aged, and older women presented a 10%
higher RMR than sedentary women when RMR was adjusted for body composi-
tion. Although descriptive in nature, these data suggest that exercise may help
prevent the age-related weight gain seen in sedentary women, and that the pro-
tective mechanism may be an altered RMR.

Because it is well accepted that strength training can increase muscle mass,
and that muscle mass is very active metabolically, Byrne and Wilmore9 have
recently examined how strength training may differentially affect RMR in com-
parison to aerobic exercise training. This cross-sectional study found that there
was no significant difference in RMR among strength-trained, aerobically
trained, and untrained women. In a randomized controlled clinical trial, moder-
ately obese men and women were assigned to one of three groups; diet plus
strength training, diet plus aerobic training, or diet only.10 The exercise protocols
were designed to be isoenergetic. The mean weight loss among groups did not
differ significantly after 8 weeks, but the strength-trained group lost less lean
tissue mass than the other two groups. The RMR declined significantly in each
group, with no difference among groups. These data indicate that neither strength
training nor aerobic exercise training prevent the decline in RMR caused by
restrictive dieting.10

Diet and Exercise Interactions

The implication for when an overweight individual attempts to lose weight by
energy-restrictive dieting and exercise is that two opposing metabolic forces
are working against each other that result in a hindrance of the weight loss
process. This dilemma is illustrated in a series of metabolic measurements taken
during treadmill exercise in mildly overweight (26% body fat) women who
were cyclical dieters and healthy weight (21% body fat) nondieting controls.11

Regardless of the workload examined, relative exercise energy expenditure was
significantly lower in the dieters than the nondieters. These results demonstrate
an increased efficiency of food utilization during exercise in chronic energy-
restricting dieters.
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Although the long-term effects of energy-restricted dieting on RMR are not
currently known, daily exercise continued over a long period of time may reverse
the detrimental effects of energy-restricted dieting on RMR. Early work revealed
that daily aerobic exercise at 60% V

.
O2max, initiated 2 weeks after a very-low-

calorie diet (500 kcal d–1, 2092 kJ d–1), normalized the diet-induced dip in RMR
and attenuated the diet-induced loss in lean body mass.12 A later study found that
when aerobic exercise was initiated simultaneously with a severely restricted diet,
RMR was maintained, but the diet-induced loss in lean tissue was not safe-
guarded.13 Other studies, in which a very-low-calorie diet and exercise were
initiated simultaneously, have shown that exercise neither minimized the loss of
lean tissue nor maintained RMR.14,15

The benchmark review of the effect of exercise on RMR, during restricted
energy intake, is a meta-analysis by Ballor and Poehlman.16 When diet-induced
reductions in RMR were corrected for changes in body weight, RMR was
reduced by less than 2%. These meta-analytical data indicate that exercise train-
ing does not differentially affect RMR during weight loss, nor enhance RMR
during weight loss, and that reductions in RMR normally seen during weight loss
are proportional to the loss of the metabolically active tissue.16

The relationship between diet, exercise, and metabolism is complex.
Severely restrictive diets generally result in a transient decrease in metabolic
rate, but whether this decrease is sustained has not been clearly shown. It may
be that the variability in the metabolic response to diet restriction and exercise
among individuals is influenced by the type of obesity (gluteal–femoral or
abdominal), the cellular expression of obesity (hypertrophic or hyperplastic), or
the genotype of obesity.16 Some of the variation in the literature with respect to
the effects of exercise training on RMR may also be related to the length of time
between the last exercise training session and measurement of RMR. Herring
et al.17 reported that RMR was elevated immediately following an exercise
session, but that within 39 h of the cessation of exercise the RMR had dropped
8%. Achieving an exercise-induced elevation in RMR is likely to require that the
exercise stimulus be repeated daily or several times per week. Accordingly, the
incremental effects of the energy cost of exercise itself combined with the incre-
mental effects of the temporary postexercise elevations in metabolic rate may act
synergistically to enhance weight loss success and long-term reduced weight
maintenance.

Although the data are not consistently clear, the American College of Sports
Medicine attests that exercise helps maintain the RMR and slows the rate of fat-
free tissue loss that occurs when a person loses weight by severe energy restric-
tion.6 Whether exercise completely offsets the diet-induced reduction or only
partially offsets the diet-induced reduction in RMR may depend on the severity
and duration of the diet restrictions; type, duration, and intensity of exercise; and
the magnitude of changes in body composition. Additional research is necessary
to determine how the interactions of diet and exercise affect metabolic rate over
prolonged periods of time, how long a regimen of diet and exercise can safely be
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employed, and what mechanisms are responsible for the diet and exercise effects
on metabolism.

EXERCISE ENERGY EXPENDITURE

Energy Costs of Exercise

As heavy exercise can increase metabolic rate 20 times above resting levels, even
short bouts of daily exercise may have a profound effect on body fat stores. In terms
of measurement, the RMR of a 70-kg human is approximately 1.2 kcal min–1

(5.0 kJ), whereas the energy cost during strenuous exercise can be 18 to 30 kcal min–1

(75 to 125 kJ).6 At first glance, these numbers look promising for weight loss; in
that the energy cost of a 60-min exercise bout would be from 1080 to 1800 kcal
(4518 to 7531 kJ). This translates into an exercise-induced weight loss of about
one third to one half pound a day. However, theoretical estimates of energy
expenditure during exercise, such as those previously described, are not realistic
for the overweight or obese individual for several reasons. First, an intense exer-
cise bout lasting 60 min is beyond the reach of most overweight people,18 since
the functional capacity of the overweight person is generally much less than the
normal weight individual. Overweight people, who have a history of inactivity,
generally can only increase their total energy expenditure by about eightfold
during maximal exercise exertion,18,19 and most of these people find it very
difficult to sustain an exercise intensity of 75% maximal effort for 20 min.18

Therefore, the best initial expectation for the overweight person would be to exer-
cise for 20 min at an intensity that is six times the RMR (6 METS or 6 metabolic
equivalents). Under these conditions (20 min at 6 METS), the predicted energy
expenditure of the exercise session would only be about 150 kcal (628 kJ).

Although it may seem that the absolute contribution of the energy cost of
activity to offset the daily energy balance during weight loss treatment is small,
the relative contribution of exercise to the 24-h energy expenditure is important.
The 20-min exercise bout described above may account for 10% or more of the
daily energy expenditure for an obese person. Furthermore, exercise may have a
metabolic effect beyond that which is accounted for during the actual exercise
session itself.

Postexercise Energy Costs

It is well established that metabolic rate, measured as oxygen consumption,
remains elevated for some period of time following exercise. This phenomenon
has been termed excess postexercise oxygen consumption (EPOC). Studies have
shown that the magnitude of EPOC is linearly related to the duration and inten-
sity of exercise, and that EPOC following a moderate intensity exercise bout
(70% V

.
O2max.) accounts for about 15% of the total energy cost of the exercise.20

The time for metabolism to return to baseline following an acute exercise session
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can vary from as little as 20 min to 12 h, depending on the duration and intensity
of exercise. Increments of EPOC may play a significant role in the energy balance
of the body. Unfortunately, the EPOC is insufficiently predictable as a measurable
variable in exercise prescription for weight control.

Several factors have been identified as contributing to EPOC.21 Intermediary
substrates, such as lactate and free fatty acids, continue to be oxidized at an ele-
vated rate following an exercise bout. The cost of replenishing glycogen stores
also adds to the EPOC. Circulatory levels of catecholamines and other hormones,
which stimulate metabolism, remain elevated postexercise. Increased respiration
and elevated heart rate also add to the metabolic rate following exercise. Body
temperature can remain elevated for as long as 2 h after exercise, raising energy
expenditure slightly.

DETERMINING ENERGY INTAKE AND EXPENDITURE

Either reducing intake relative to expenditure or increasing expenditure relative to
intake can disrupt the energy balance equation. When intake exceeds expenditure, a
positive energy balance occurs and weight gain ensues. When expenditure exceeds
intake, a negative energy balance occurs and weight loss follows. Regardless of
whether the desired outcome is a negative energy balance or a positive energy bal-
ance, the measurement of energy intake and expenditure becomes critical to the
success of the intervention.

The mean daily energy balance can be measured directly or estimated from
prediction equations that are derived from behavioral, physiological, and bio-
chemical parameters. Long-term energy balance values are almost always esti-
mated from data derived from direct short-term measures, short-term predictions,
or an average of the two. The accuracy of the long-term estimate is dependent,
therefore, upon the accuracy of the short-term measure or prediction.

ASSESSING ENERGY INTAKE

Energy intake is most accurately determined by directly measuring food con-
sumption. Regardless of the specific setting, direct measures of food consumption
are obtained by weighing known quantities of food before and after an individual
eats. In addition to knowing the quantity of food one eats, the exact composition
of each food item must be known before an accurate assessment of intake can be
obtained. Assuming there are no errors in physical measuring and calculations,
there is only one real source for error in obtaining short-term measures of food
consumption — behavior.

Direct measures of food intake require that the patient be monitored closely
throughout the eating experience. The source for error in extrapolating direct
measures to behavioral outcomes occurs when a patient behaves differently under
observation than in the freely living condition. Hence, anything the clinician can
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do to mimic the freely living condition, while the patient is being observed, will
enhance the probability of obtaining an accurate measure of food intake.

It is very expensive and time consuming to measure food consumption
directly. Therefore, a majority of food intake assessments are done by recording
a patient’s eating behavior, and using this record to estimate mean nutrient intake.
Two techniques are used to record a patient’s food intake — dietary recalls and
food frequency questionnaires. Dietary recalls require that the patient record or
recall every food and beverage he or she consumed over a predetermined period
of time. The length of time the food diary is kept can range from several days to
several months.22 Three days seem to be the shortest amount of time that is nec-
essary to obtain accurate estimates of energy intake, whereas longer periods of
time are necessary to estimate micronutrient intakes.22 The weakness in 3-day
records is that they may not accurately reflect long-term food consumption, par-
ticularly if an individual does not vary his or her eating patterns over the 3-day
period.

Food frequency questionnaires are often used because they address longer
nutrient intake patterns than 3-day records. This is particularly important for
foods eaten less regularly than daily or weekly. Food frequency questionnaires
are not actual records of food consumed at specific times, but estimates of pat-
terns of food consumption. For example, a person may respond to an item on the
food frequency questionnaire by indicating he or she eats a medium-size orange
three times a month. The 3-day food diary will not show that this individual con-
sumes oranges, if no oranges were eaten during the 3-day recording period. On
the other hand, the same individual may indicate on the food frequency question-
naire that he or she drinks two cups of skim milk each day. The 3-day food diary
may show a more accurate measure of 2.5 cups of milk each day.

The question of whether food diaries or food frequency questionnaires are
more accurate has been debated often over the past 20 years. Both methods cor-
relate well with actual measures of food intake. When compared to each other, the
data generally show that food frequency questionnaires tend to overestimate con-
sumption of total energy, carbohydrate, protein, and some of the vitamins and
minerals when compared to food diaries. The overestimates obtained with food
frequency questionnaires may result from subjects’ overestimation of foods eaten,
particularly for those foods that are consumed less frequently. Many researchers
and clinicians use both food diaries and food frequency questionnaires with their
patients and average the data from the two tools to get an estimation of energy
intake.

ASSESSING ENERGY EXPENDITURE

Heat is released in the process of cellular respiration as the energy-yielding nutri-
ents fat, protein, and carbohydrate are metabolized to produce the energy neces-
sary for biological functions. Heat is the by-product of this metabolism. The
process of measuring this metabolic heat release is termed calorimetry. It is
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important to observe that since the rate of heat release is directly proportional to
the rate of metabolism, metabolic rate can be determined by measuring heat
release.

DIRECT CALORIMETRY

Direct calorimetry is the measurement of the heat emission from a person
enclosed in a chamber. Because the change in temperature is measured directly,
the technique is referred to as direct calorimetry. This change in temperature is
measured in units with which we are all familiar, calories. The machines for mea-
suring body heat loss are therefore called calorimeters. Several types of direct
calorimeters have been utilized in studying human metabolism; room-sized
chambers, booth or closet-sized chambers, and suit calorimeters. Room-sized
direct calorimeters allow for the study of energy expenditure in “freely living”
subjects. However, the room measurements are that of a small bedroom (3 � 3 m,
9 � 9 ft), and it is debatable whether a person is truly “freely living” in a room
this confined. Closet-sized or suit calorimeters further confine the movement of a
person, and therefore can only be used to estimate the individual’s RMR.

Current-day direct calorimetry methods (room, closet, or suit) are used to
study thermal equilibrium and heat exposure, heat regulation during exercise and
sleep, the thermic effect of food, and energy substrate (fat, protein, and carbohy-
drate) oxidation rates. However, a complicating factor in research using direct
calorimetry and “freely living” subjects is the need to control other sources of
heat besides that which the subject is producing. For example, if the subject is
performing treadmill or cycle ergometer exercise inside a room-sized direct
calorimeter, the treadmill or ergometer generates heat. This heat produced from
exercise equipment, largely as a result of friction, though small, may need to be
accounted for in determining the total heat production of the individual.

INDIRECT CALORIMETRY

The heat liberated from the body is the result of the metabolism of food substrate
in mitochondrial respiration (energy nutrients � O2 → heat � CO2 � H2O).
Therefore, oxygen consumption (V

.
O2) and energy expenditure (heat release) are

directly related. That is, as energy expenditure increases, V
.
O2. increases as well.

Most laboratories do not measure energy expenditure (heat production) directly,
since the direct calorimetry equipment is not universally available and is very
expensive. Therefore, a technique called indirect respiratory calorimetry is more
commonly employed in exercise physiology laboratories or in clinical programs
to measure O2 consumption and estimate energy expenditure during resting and
exercise conditions. This form of calorimetry directly measures the O2 consumed
in metabolism through the measurement of respiratory gases. The V

.
O2 data are

then converted to an equivalent energy cost in kilocalories. The indirect calorime-
try technique, which provides energy expenditure data via the direct measurement
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of O2 consumption, yields results comparable to direct methods. That is, when
results from direct and indirect calorimetry are compared, there is no significant
difference in the measured energy expenditure.

Heat production is derived indirectly in respiratory calorimetry by first mea-
suring the metabolic consumption of O2 and converting this value to energy
expenditure. This is possible because the O2 consumed can be converted to heat
equivalents when the type of nutrients undergoing metabolism is known. The
energy liberated when only fat is oxidized is 4.7 kcal•l–1 O2 consumed, and
5.05 kcal•l–1 O2 when only carbohydrate is consumed. Because a metabolized
substrate is generally a combination of fat and carbohydrate, an average caloric
expenditure is usually estimated as 5 kcal•l–1 O2 consumed. For example, if a
person exercises at an O2 cost of 1.0 l•min–1, the approximate energy expenditure
equals 5 kcal•min–1.

Indirect respiratory calorimetry may be performed by either closed-circuit
spirometry or open-circuit spirometry. Closed-circuit systems have the patient
breathing 100% O2 from a prefilled spirometer connected to a recording appara-
tus to account for the O2 removed from the spirometer and the CO2 produced and
collected by an absorbing material. By calculating the ratio of the volume of O2

consumed and the CO2 produced, a more exact caloric value for V
.
O2 can be

determined, rather than using an average of 5 kcal•l–1 O2. This method is most
commonly used to measure RMR in clinical laboratories. Its usefulness during
exercise conditions is limited because of the resistance to breathing offered by the
closed circuit and the large volumes of O2 consumed during exercise.

To accommodate the exercising subject, the open-circuit technique is most
commonly used. In this method, the patient inspires air directly from the atmos-
phere and measurements of the fractional amounts of O2 inspired and O2 expired
are made. The respiratory volume is also measured. By knowing the percentage
of inspired atmospheric air that is O2, the percentage of expired air that is O2, and
the respiratory volume, the amount of O2 consumed can be determined. For exam-
ple, at a respiratory volume of 80 l•min–1, an inspiratory O2 concentration of
20.93% (0.2093), and an expiratory O2 concentration of 18.73% (0.1873), V

.
O2 is

1.76 l•min–1 (V
.
O2 � 80 l•min–1 � 0.022 or 1.76 l•min–1). At an average energy

expenditure of 5 kcal•l–1 O2, the exercise energy expenditure would be 8.8 kcal•min–1

(1.76 � 5 � 8.8).
The doubly labeled water method of indirect calorimetry works on a similar

principle as indirect respiratory calorimetry — gas exchange. However, with
doubly labeled water, CO2 production is calculated rather than O2 consumption.
An oral dose of the stable isotopes of 2H and 18O is taken. The 2H labels the body
water pool, while the 18O labels both the body water pool and the bicarbonate
pool. The disappearance rates of the two isotopes measure the turnover of water
and the turnover of water plus CO2. Carbon dioxide production is calculated by
the difference. Since CO2 production and O2 consumption are directly related,
energy expenditure can be calculated by the same calorimetric equations as used
for indirect respiratory calorimetry.
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Predicting Resting Energy Expenditure

Direct and indirect calorimetry methods for measuring energy expenditure are too
complex, time consuming, and expensive for most settings. Therefore, major
efforts have been made to derive prediction equations. The most common predic-
tion equations derived are that of Klieber23 and Harris and Benedict.24 Both of
these methods are based on the relationship between body mass (BM) and meta-
bolic rate. Klieber demonstrated that RMR, relative to BM raised to the exponent
of 0.74, was consistent for mature mammals, ranging in size from rats to steers
(Table 12.2). Harris and Benedict included variables other than BM in their equa-
tion, namely height and age (Table 12.2). These equations are less predictive
among obese persons.

The prediction equations mentioned above were developed from measures
taken on subjects who were studied in the early 20th century, and were leaner, less
physically active, ate a lower fat diet, weighed less, and had a shorter life span than
people today. Furthermore, these equations were derived on a Caucasian popula-
tion. Consequently, many clinicians report deviations between RMR predicted by
the Klieber and Harris–Benedict equations and those measured in their patients.
This observation has prompted the development of alternative equations, more
suited for specific populations (e.g., African-Americans). These population-
specific equations have limited universality and emphasize the need to create new
generalized RMR prediction formulas using modern sampling, measurement, and
statistical methodologies.

Predicting Exercise Energy Expenditure

During the middle of the 20th century, much research was performed to deter-
mine the energy cost of various activities. Tables and charts were published that
gave caloric values for activities of daily living, work activities, recreational
activities, and sport activities. The accuracy of these predictors of physical activ-
ity energy expenditure is similar to measuring RMR. Some generalized energy-
expenditure prediction equations are made available by the American College of
Sports Medicine for use in clinical populations.25
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TABLE 12.2
Common prediction equations for RMR

RMR � 73.3 � BM0.74

RMR � 13.75 � BM � 500.3 � H 	 6.78 � age � 66.5 (men)
RMR � 9.56 � BM � 185.0 � H 	 4.68 � age � 655.1 (women)

Notes: RMR, kcal•d	1; BM, body mass in kg; H, height in m.
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Editor’s Note

Energy balance — calories in vs. calories out — does not fully explain body
weight. Nevertheless, assessing energy balance is an important component of
any weight reduction program. Furthermore, since meals (calories in) and exer-
cise (calories out) influence metabolism at any given moment, strategic timing
and dosing of diet and exercise can facilitate weight reduction and enhance body
composition.

EXERCISE ENERGY NEEDS FOR THE
PREVIOUSLY OBESE PATIENT

Several reviews have been written on exercise and weight control, and each con-
cludes that exercise is a key factor in reduced weight maintenance. A consistent
finding is that the more exercise, the better the maintenance of weight loss.
Patients who expend at least 1500 to 2500 kcal (6.3 to 10.5 MJ) a week are more
likely to maintain their full end-of-treatment weight loss.26–28 Similar findings
have been reported from the National Weight Control Registry, which includes a
total of 784 males and females who have maintained an average weight loss of
30 kg for an average of 5.6 years.29 Participants in the National Registry reported
expending approximately 2830 kcal week–1 (11.8 MJ), or the equivalent of walking
about 28 miles week–1.

More exact estimates of exercise energy expenditure required for maintaining
reduced weight come from Schoeller and colleagues,30 who used doubly labeled
water to estimate the metabolic cost of an exercise program needed to maintain
weight loss in previously obese women. Metabolic measurements revealed that the
women were exercising 700 kcal d–1 (2930 kJ d–1) to maintain their reduced body
weight. This translates into 80 min d–1 of moderate physical activity, 35 min d–1 of
vigorous activity, or walking about 7 miles d–1. This amount of exercise is almost
unobtainable for most previously obese individuals, and is beyond what is rec-
ommended by the American College of Sports Medicine, the Centers for Disease
Control and Prevention, and the Surgeon General for achievement and preserva-
tion of health.

EXERCISE ENERGY NEEDS FOR THE ANOREXIC PATIENT

A large proportion of anorexic patients couple their restrictive dieting behaviors
with exercise, in an effort to enhance or maintain weight loss. Exercise recom-
mendations for the anorexic patient focus on maintaining a positive energy
balance and are summarized in Table 12.3. By following preset guidelines, the
anorexic patient can safely participate in an exercise program.

206 Scientific Evidence for Musculoskeletal, Bariatric, and Sports Nutrition

DK6006_C012.qxd  11/11/2005  3:15 PM  Page 206



SUMMARY

Energy balance is fundamental to the human body. Interventions that target cre-
ating either a negative or positive energy balance are often part of medical treat-
ments. Regardless of the treatment objective, the quantification of energy intake
and expenditure is prerequisite to manipulating the energy balance equation to the
direction desired. Energy balance in the body can be quantified through direct,
indirect, and predictive measures.
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INTRODUCTION

Appetite is generally considered the body’s ability to regulate food intake. What
is less well recognized is appetite’s exactness. Food intake, absorption, and
energy expenditure is amazingly precise. The average adult gains approximately
0.45 kg/year from ages 25 through 55.1 When combined with a decrease in lean
body mass of approximately 0.23 kg/year, this represents a 0.7 kg annual net
increase of body fat. The energy imbalance of 5,250 kcal/year reflects a net sur-
plus of fewer than 15 kcal/day, or the equivalent of two extra potato chips. The
energy regulation is precise beyond the current limits of experimental measures.
Short-term dysregulation usually goes unnoticed. However, when appetite is not
checked by satiety over a longer period of time, body fat increases. Dysregulation
of appetite is the primary pathway to obesity. Early identification and treatment
of appetite dysregulation can prevent obesity.

CONTROL CENTERS

Mapping the appetite centers in the brain dates back to the early 1900s. Obesity
was recognized as a syndrome more complex than dietary indiscretion and was
thought to represent pituitary dysfunction. Patients with severe obesity occasion-
ally were noted to have reduced gonadal function, abnormalities in water metab-
olism such as the syndrome of inappropriate antidiuretic hormone secretion,
diabetes insipidus, and emotional disorders such as inappropriate sexual behavior
or aggression.2

Today, the hypothalamus is the brain locus thought to exert the most control
over appetite, analogous to a computer’s central processing unit. Hypothalamic
lesions were first identified in obese patients in the 1920s, when it was observed
that lesions of the ventromedial nucleus (VMN) cause hyperphagia, while lesions
of the lateral nucleus induce satiety.3–8

Systematic study of rodents has provided great detail and information about
the central control of feeding and nutrient ingestion. Hypothalamic circuitry is
highly redundant and strongly biased to increase feeding and maintain body
energy stores. Rodent studies show that lesions of the VMN, arcuate nucleus,
dorsal medial nucleus, and paraventricular nucleus (PVN) fail to permanently sub-
due the drive to eat. Anorexigenic sites, which curb feeding, integrate and overlap
anatomically with orexigenic areas, which stimulate feeding. There is neurochem-
ical colocalization of both orexigenic and anorexigenic mediators on single and
closely associated neuronal groups. Neurochemical adaptations in the hypothala-
mus are dynamic; amplification and diminishment molecular signaling change in
response to both internal (homeostatic) and external (environmental) stimuli.
Internal stimuli include input from vagal afferent nerves, circadian and circannual
hormone changes, and cues about satiety. External stimuli are as diverse as recent
food intake, time of day, aromas, mood, sunlight, seasons, objects, and events that
recall memories of food. The hypothalamus as the feeding control center is exten-
sively connected to other regions of the central nervous system (CNS).
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Meal composition and the frequency and timing of nutrient intake appear to
be “hard wired” in the hypothalamic feeding centers. Hunger occurs with mini-
mal input from the evolutionarily newer neocortex, leaving the higher cognitive
parts of the brain little opportunity to “veto” food cravings. Some speculate that
the evolutionary stress until this point in time has been that of inadequate nutri-
tion. Therefore, the plasticity of neurochemical signaling and the redundant neu-
roanatomy of the hypothalamus speak to the complexity of chemical interactions
all leaning to promote hyperphagia, body weight gain, and obesity.

NEUROENDOCRINE MESSENGERS

Understanding of the neuropeptides, neurotransmitters, and central actions of
peripheral hormones is accelerating rapidly. A summary of these molecules is
shown in Table 13.1. The following discussion of neurochemical messengers

Neuroendocrine Regulation of Appetite 213

TABLE 13.1
Neuroendocrine messengers of appetite regulation

Increase appetite, promote Decrease appetite, promote
weight gain weight loss

Neuropeptides Neuropeptide Y (NPY) Bombesin
Galanin Enterostatin (central action)

Corticotrophin-releasing hormone
(CRH)

Melanocyte-stimulating hormone
Peptide analogs and antagonists

(under development)

Neurotransmitters Serotonin antagonists Serotonin agonists and reuptake
inhibitors

Dopamine antagonists Dopamine agonists and reuptake
inhibitors

Mu- and kappa-opioids Mu- and kappa-opioid antagonists
(under development)

Gamma amino butyric acid Histamine H1 receptor agonists
(GABA)

Histamine H1 antagonists Norepinephrine � receptor agonists
Norepinephrine 
 receptor

agonists

Central action of peripheral Insulin Glucagon-like peptide-1
hormones

Ghrelin (potentiating role) Leptin
Glucocorticoids Cholecystokinin (CCK)
Adipocytokines (other than Adiponection

adiponectin)
Androgens (Chapter 20) Estrogen (Chapter 14)
Progestins (Chapter 14)

DK6006_C013.qxd  11/11/2005  3:56 PM  Page 213



provides a framework by which one can understand future therapeutic interventions
and the importance of using multiple interventions for weight reduction.

NEUROPEPTIDES

Neuropeptides are potent CNS messengers. Nanogram changes in neuropeptide
concentrations signal CNS events which regulate appetite and satiety. Since
peptides do not readily cross the blood–brain barrier (BBB), peripheral adminis-
tration has limited clinical utility. One area of drug development is to create non-
peptide analogs that modulate and decrease appetite and overeating. Nonpeptide
analogs and antagonists have been developed to efficiently cross into the CNS and
some of these neuropeptide analogs are under development to treat obesity.
Molecular targets include neuropeptide Y (NPY), galanin, and bombesin.9–15 Other
neuropeptides such as somatostatin, enterostatin, thyrotropin-releasing hormone,
gastrin, pancreatic polypeptide, alpha-melanocyte-stimulating hormone (
MSH),
glucagon-like peptide-1, and vasoactive inhibitory peptide, are important though
somewhat less well characterized.16–18

An important neuropeptide is corticotrophin-releasing hormone (CRH). First
recognized as the hypothalamic regulator of the hypothalamic–pituitary–adrenal
(HPA) axis, CRH stimulates release of adrenocorticotrophic hormone from the
pituitary. CRH is a primary mediator of stress in the CNS. Acute stress will
decrease food intake and release both stored glycogen and fat. Chronic HPA acti-
vation increases appetite and raises insulin through excess cortisol secretion.
Obesity is a cardinal feature of Cushing’s disease and Cushing’s syndrome. In
nonadrenal mediated obesity there are higher circulating cortisol levels, which in
some will cause a higher threshold point for inhibition of the HPA axis. CRH
mediates feeding through type 1 and type 2 receptor subtypes.19–21

NEUROTRANSMITTERS

Neuropeptides influence the release of neurotransmitters, which are not as potent,
but exist in higher concentrations.

Opiates

Opioids are widely spread in multiple neural networks that regulate ingestive
behavior; intake of palatable foods is rewarding and these foods may result in a
change in opioid circuitry, either at the peptide or receptor level. Evidence sup-
ports opioids in reward-driven food ingestion; with endogenous opioids effecting
nutrient consumption and preference.22–24 Feeding rodents palatable diets (choco-
late and high sucrose solutions) increases mu-opiate binding in reward centers.
Mu-opioid antagonists used to treat alcohol and heroin dependence also decrease
food intake in the short term. Opioid antagonists are used to treat bulimia and
modestly decrease the frequency and intensity of binging episodes. However,
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in double-blind trials, the mu-opiate antagonist naltrexone failed to induce
substantial long-term weight loss in obese patients.25,26 The opiate system is
highly complex with several classes of endogenous molecules effecting feeding.
Kappa-opioid agonists increase and antagonists inhibit intake of calorie dense
meals.27–29 Several kappa-specific compounds are under investigation and are
available for trials in substance-abusing patients; future applications will likely
include obesity.

Serotonin

Serotonin (5-HT) is a neurotransmitter, which may suppress appetite. Anorectic
effects are mediated through 1b and 2 receptor subtypes, but 1a receptors stimu-
late feeding. Regional serotonin receptor subtype density impacts the effect of
serotonin on feeding. Serotonin-specific reuptake inhibitors (SSRIs) treat depres-
sion and other psychiatric disorders by increasing synaptic 5-HT. SSRIs also
stimulate central postsynaptic 1b and 2 receptors with the overall effect to dimin-
ish appetite early in therapy.30,31 Fenfluramine (racemic mixture, Pondimin®)
and D-fenfluramine (Redux®) release 5-HT from the presynaptic nerve terminal,
block reuptake, and stimulate central postsynaptic 1b and 2 receptors. This effect
decreases appetite and induces satiety resulting in weight loss.32 Serotonin antag-
onists both increase appetite and weight. Cyproheptadine, a mixed 5-HT 2a and
histamine type-1 antagonist, stimulates appetite with weight gain in malignant
and inflammatory cachexic conditions33,34 and increases growth in children.
Ketanserin is an antihypertensive medication with serotonin antagonist pharma-
cology that stimulates appetite and weight gain.35,36

Norepinephrine

Norepinephrine is implicated in arousal, sleep, and mood regulation. The
response to norepinephrine depends on which receptor types and subtypes are
stimulated. Norepinephrine stimulates appetite through 
-adrenergic receptors
and it inhibits food intake through �-adrenergic receptors. Stimulation of the
�1-adrenergic receptor in the CNS will decrease food intake. The �2-adrenergic
receptor agonists stimulate protein synthesis, which increases muscle mass. The
�3-adrenergic receptor in the periphery enhances metabolic rate through the stim-
ulation of lipolysis and thermogenesis in muscle. Therefore, noradrenergic ago-
nists and antagonists influence appetite and weight variably, because of both
specific pharmacology of the agents and variation in host response.

Agents with mixed actions and NE-specific 
-agonists are also associated
with increased appetite and weight gain.37–40 Tricyclic antidepressants, which may
have a complete or partial NE agonist effect, commonly increased appetite and
weight.41–43 Many noradrenergic antihypertensive agents affect appetite depend-
ing on CNS penetration. Propranolol, which readily crosses the BBB, induces
weight gain. Atenolol does not readily cross the BBB and has less effect.
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Ephedrine, a mixed 
- and �-agonist, is highly effective in reducing appetite
and body weight. Fatalities from its use prompted its removal from the market.44,45

Dopamine

Dopamine has a wide variety of functions in the CNS. It also has significant
effects on weight and appetite as mentioned previously. Limbic dopamine path-
ways modulate motivational behaviors, and play a critical role in compulsive
addictive and compulsive behaviors as well as eating disorders.

Generally, stimulating dopaminergic pathways decreases appetite and
dopamine inhibition with antagonists diminishes satiety signals, increasing
appetite and weight gain. Mixed dopamine agonists, including the antidepressant
bupropion will decrease appetite and weight.46 Mazindol, a dopamine reuptake
inhibitor, is a highly effective anorexant.47

Dopamine antagonists are used to treat schizophrenia and psychosis. First-
generation antipsychotics such as haloperidol act principally at the D2 receptor
site, though these medications also may have pronounced antihistaminic proper-
ties. The indole derivative molindone is a dopamine antagonist that causes less
appetite stimulation; this is possibly because of its chemical similarity and
agonist-like activity to the indolamine, serotonin.48 Many dopamine antagonist
medications are available; most increase appetite with weight gain being a fre-
quent side effect.49–51 New antipsychotic medications are now available: clozap-
ine, olanzapine, quetiapine, and zotepin are a few of the second-generation,
atypical antipsychotic (AAP) drugs. Though these agents have a variety of phar-
macologic effects, efficacy is principally associated with their serotonin 2A and
dopamine 2 receptor antagonist actions. These receptors act independently to
increase appetite and reduce satiety; when these actions are combined they have
a supra-additive effect and have been shown to cause pronounced weight gain.52–54

In addition to the central effects of the AAP drugs, these agents have been shown
to have detrimental peripheral metabolic effects. These drugs may increase both
insulin secretion and promote insulin resistance independent of their effects on
appetite.55–58

Gamma Amino Butyric Acid

Gamma amino butyric acid (GABA) is a neurochemical, which can have a pro-
found inhibitory effect on other neurotransmitter systems. Increased levels of
GABA may dampen the satiety effects of serotonin and dopamine, resulting in
increased appetite and weight gain. Specific pharmacologic sites of action are
presently unknown. GABA activators are most often used as anxiolytics and anti-
convulsants. Many anxiolytics, such as diazepam, are GABA agonists and thus
stimulate appetite. Anticonvulsants, such as valproate, also stimulate GABA
systems. Weight gain is a common side effect of this class of medication.59–65
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Histamine

Histamine is widely expressed in the CNS of both rodents and primates, where it
mediates anorexigenic effects. Histamine receptors are densely localized at both
satiety and feeding areas, especially in the hypothalamic VMN and PVN. Several
peptidergic neurons including neuropeptide Y and bombesin express histamine
receptors.66–68 Clinical observations point to histaminergic antagonists which stim-
ulate appetite. Histamine type 1 (H1) receptor antagonists, generally known as
antihistamines, control allergic symptoms. Many antidepressant and antipsychotic
medications are H1 receptor antagonists as well. Pharmacologic effects of antihis-
tamine medications on appetite are related to CNS penetration. Antihistamines
with poor CNS penetration, such as astemizole, stimulate appetite less.69–71

Cyproheptadine, which is both a serotonin (5HT2a) and an H1 antagonist, potently
stimulates appetite.72 Several lines of evidence suggest that histamine decreases
food intake via H1 receptors in the VMN or the PVN. Mutant mice lacking H1

demonstrated leptin-induced suppression of food intake. However, the question
remains as to why the circadian variation in the level of histamine is inversely
correlated to the pattern of feeding.73

The action of histamine type 2 (H2) antagonists on appetite and weight loss is
unknown. Both central and peripheral effects may be involved. H2 blockade
reduces gastric acid secretion. Initial reports suggest that pre-prandial adminis-
tration of the H2 receptor antagonist, cimetidine, improved weight loss. These
finding have not been replicated in double blind trials.

PERIPHERAL HORMONES

Insulin

Insulin can regulate appetite centrally. To do so insulin crosses the BBB, even though
it is a large protein. Insulin enters the brain by cell-mediated pinocytosis.74–76 Insulin
receptors are found in hypothalamic nuclei and other subcortical areas. These sites
have been implicated in controlling feeding and nutrient intake. The concentration
and sensitivity of the body to insulin regulation is effected by total body adiposity.
Elevations of cerebrospinal fluid insulin have been reported in obese individuals.77

Insulin concentration varies with the nutritional status of the individual with
postprandial states associated with higher insulin concentrations than after a pro-
longed fast. Exogenous insulin and medications which stimulate insulin promote
weight gain and appetite. Acutely plasma glucose levels are inversely related to
hunger and food intake, however with prolonged fasting both insulin and glucose
concentrations drop and individuals report decreased appetite. Starvation is a pro-
found catabolic state characterized by low glucose and insulin levels. During periods
of starvation, patients report no appetite and an actual aversion to food.

Numerous medications principally used to control diabetes mellitus regulate
insulin secretion or its actions. While these medications act primarily in the
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periphery, one assumes that concentrations of central insulin are also influenced.
First and second generation sulfonylureas are available to treat type II diabetes.
These drugs stimulate insulin secretion and promote weight gain.78–81 Other med-
ications potentiate cellular insulin, resulting in more effective insulin action. They
may decrease insulin secretion reducing insulin resistance. Metformin reduces
hepatic glucose production (gluconeogenesis) and stimulates glucose uptake into
muscle tissue, reducing the endogenous or exogenous insulin necessary for glu-
cose control.82,83 Rosiglitazone and pioglitazone are thiazolidinediones, another
medication class which decreases hepatic gluconeogenesis and increases skeletal
muscle glucose uptake. Thiazolidinediones enhance hormone action at the insulin
receptor, reduce insulin requirements and improve cellular insulin sensitivity.
These medications are effective treatments for slowing the progression to type II
diabetes in patients with obesity, metabolic syndrome, and polycystic ovarian
syndrome.

Some medications improve glycemic control by slowing gastrointestinal (GI)
absorption. Acarbose, an alpha-glucosidase inhibitor, slows carbohydrate absorp-
tion from the intestinal lumen. Slowed glucose absorption (i.e., reduced glycemic
index) reduces the amount of insulin necessary to control plasma glucose.
Orlistat® inhibits pancreatic and gastric lipases to decrease GI fat absorption by
about 30% without effecting glucose absorption.

Glucagon-like Peptide-1

Glucagon-like peptide-1 (GLP-1) is a peripheral hormone released from the
ileum in response to a meal. GLP-1 shows potent anorectic effects, with periph-
eral actions that are better delineated than its central effects. GLP-1 crosses the
blood-brain barrier. Its receptors are expressed in the hypothalamus and brain-
stem, sites which regulate both ingestion and autonomic functions, though its
precise CNS actions is unclear.84 GLP-1 slows intestinal motility and gastric
emptying, both of which contribute to peripheral satiety signaling.85 Weight loss
through ileal transposition is accompanied by increased ileal hormone secretion
and synthesis in rats.86–88

Bariatric surgery increases GLP-1 secretion due to early arrival of nutrients to
the ileum and surgery also enhances sensitivity to GLP-1. Parenteral infusion of
GLP-1 and its synthetic analog, Exendin-4, both enhances satiety and diminishes
hunger in diabetic patients. Exendin-4 shows considerable homology with GLP-1
and receptor affinity with a similar pharmacology. GLP-1 is not stable in vivo,
which has lead to clinical investigations with Exendin-4.86 An orally available, non-
peptide agonist of GLP-1 could be of therapeutic benefit in weight management.87

Ghrelin

Ghrelin is a 28 amino acid peptide hormone discovered in 1999. Principally
found in the stomach fundus, it is released in advance of and in response to feed-
ing. Plasma ghrelin concentration increases twofold before a meal and decreases
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to basal concentrations within 1 hour after eating. The physiology of release is
complex but involves central activation through sympathetic and parasympathetic
peripheral afferents. Gut stimulation also appears critical for ghrelin release and
inhibition, as intravenous nutrition does not decrease ghrelin secretion. 

Ghrelin is also a potent endocrine hormone. Ghrelin receptors are found in the
pituitary and hypothalamus and it acts as a secretagogue of growth hormone. The
physiology and relevance of these interactions remain unknown at this time.
Serum ghrelin concentrations can reflect nutritional status; inanition is associated
with enhanced release, being a potent stimulus for eating.89 Obesity and anorexia
nervosa after dietary intervention show opposite effects suggesting that ghrelin is
a good marker of nutritional status.90 Ghrelin is reduced in obesity, metabolic syn-
drome, and type II diabetes. This may reflect a homeostatic shift to reduced
caloric intake and hyperglycemia to maintain body weight.

Ghrelin response after surgical interventions for obesity may provide insights
into the potent effects of ghrelin in the efficacy of these procedures. Gastric
restrictive procedures cause an increase in ghrelin levels in contrast to bypass
surgeries, which reduce circulating concentrations.91–94

Adrenal Steroid Hormones

The medical literature is replete with reports of glucocorticoids (GCs) causing
increases in appetite and weight gain independent of the primary disease being
treated.95,96 Chronic administration of pharmacologic doses of GCs results in
increased visceral fat deposition, insulin resistance, decreased muscle mass,
hyperlipidemia (mainly as elevation in triglyceride concentration), and other
metabolic derangements. GCs also influence the CNS directly. GCs inhibits
leptin in the hypothalamus, possibly through stimulating NPY and inhibiting
CRH secretion. Studies show glucocorticoids potentiate NPY-stimulated carbo-
hydrate ingestion.97–99 The adverse effects on appetite and metabolism are most
evident when GCs are used at high doses.

Cholecystokinin

Cholecystokinin (CCK) is synthesized in the GI tract and enhances gastric
emptying, gallbladder contraction, and release of pancreatic enzymes. CCK may
induce satiety through activation of peripheral CCK receptors in the gut. Clinical
trials with Ceruletide, a short-acting CCK analog, have failed to show a consis-
tent effect on appetite. Activation of intestinal CCK receptors stimulates vagal
nerve afferent signaling through the brain stem, to the hypothalamus, amygdala
and other CNS sites. Whether gut-produced CCK crosses the BBB and relays
significant control to satiety centers is unclear.100,101

Gastric banding surgery increases the peak and the slope of CCK secretion
potentially increasing satiety signals. However, roux-en-Y (RYGB) gastric bypass
procedures may not increase CCK.102–105
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Leptin

Once thought to be inert, it is now known that adipose tissue secretes and
responds to multiple endocrine mediators of metabolism, inflammation, and neu-
rochemistry. Leptin is a peptide hormone synthesized in the periphery, specifi-
cally by fat cells. Adipose tissue production of leptin is effected by plasma
insulin, glucose, adrenal steroids as well as food intake. Although it is produced
in the periphery, leptin exerts its action centrally as a neuropeptide. In this way,
leptin forms a feedback loop from adipocytes to the brain and contributes to long-
term weight regulation.106–109

Leptin is rarely used clinically. An absolute leptin deficiency has been linked
to a rare genetic defect. Low circulating leptin may predispose to obesity in the
Pima Indians and other Native Americans. Since common obesity is not associ-
ated with leptin deficiency, simple administration of leptin or a leptin agonist
does not benefit most obese individuals. Leptin levels are increased in most obese
patients, suggesting that obese individuals likely have either an inherited or an
acquired resistance to leptin satiety signals. The neurochemistry of leptin action in
the CNS is complex. Leptin impacts many neurochemical systems which regulate
hypothalamic appetite centers as well as molecular targets influencing motivation
and reward systems. Leptin represents an appetite regulator with considerable
redundancy. Fat storage regulation has direct input into neuroendocrine systems
including the hypothalamic–pituitary–gonadal, hypothalamic–pituitary–thyroid,
and HPA axis with clinically apparent effects when the leptin system is disrupted
to the extreme.

Adipocytokines

Fat tissue secretes a number of inflammatory molecules including IL6, TNF-
alpha, IL8, and IL10. Production increases with increased body fat stores and
insulin resistance. They signal internally (autocrine) to modulate cellular respon-
siveness to nutrient load and the changing hormonal milieu; locally (paracrine) to
adjacent fat cells to regulate fat mass expansion and contraction; and distantly
(endocrine) to modulate other organs systems. 

Adiponectin is a recently identified endocrine adipocytokine, produced exclu-
sively by fat cells and secreted into the serum. In contrast to other cytokines, low
levels are associated with insulin resistance.110 Combined antiretroviral therapies
can increase the expression and secretion of proinflammatory cytokines and
decrease adiponectin. Antiviral medications can induce changes in fat cell physi-
ology in a condition known as lipodystrophy.111,112

NUTRITIONAL MODIFIERS

Trace metals are nutritional cofactors in neuroendocrine pathways. Deficiency
can precipitate alterations in food selection and caloric intake. For example, iron
deficiency can result in cravings for nonfood substances such as clay and paper.
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The cravings called pica resolve with iron supplementation and may recur with
relapse of iron deficiency.113 The neural pathway by which pica is mediated
remains unknown. Chromium enhances insulin’s action. Deficiency states are
associated with increased gastric binding, competitive absorption and mineral
corticoids which increase urinary excretion.114 Zinc deficiency is anorexigenic,
as described by Dweck in Chapter 17. Zinc impairs NPY release from the
hypothalamic PVN.115 Although most zinc in the brain is tightly bound to the
metalloproteins for which it is the cofactor, some zinc is found in the vesicular
pools located in the nerve terminals.116 Zinc is concentrated in the olfactory bulb,
where it plays a poorly characterized role in smell and taste. Zinc deficiency
decreases taste intensity and alters taste selectivity. Taste is restored with oral zinc
supplementation.

Excess minerals and the presence of heavy metal toxins can create mineral
imbalances, which interfere with neuroendocrine regulation. For example, man-
ganese excess interferes with the neurotransmitters glutamate and GABA.117 Iron
supplementation without chromium leads to chromium deficiency over time.
Similarly, zinc supplementation without copper can induce a relative copper defi-
ciency. Toxic metals such as lead, mercury, and cadmium compete with minerals for
absorption and receptor binding sites, thereby altering the availability of minerals.

One well-studied foreign metal is lithium, administered therapeutically as a
mood stabilizer. A well-known side effect of lithium therapy is weight gain. Lithium
is thought to increase weight in several ways, acting both centrally, by reducing neu-
rotransmission, and peripherally, by interfering with adipocyte intracellular signal-
ing. Lithium competitively inhibits thyroid iodine uptake, which may result in
chemical and clinical hypothyroidism. Lithium also reduces absorption of chemi-
cally similar trace minerals, thereby creating chronic mineral deficiencies which
exacerbate appetite dysregulation and extracellular fluid retention.

Similar to minerals, B vitamins are enzyme cofactors. Low availability of vari-
ous B vitamins has been shown to influence neurotransmitter activity. Vitamin D
also has a recently identified role in enhancing insulin sensitivity, possibly both
centrally and peripherally (see Chapter 10).

Water is another nutrient that modulates neuroendocrine response, as appetite
and thirst are intertwined. A direct influence of water on histamine and corti-
cotrophin releasing factors has been proposed.118

Dietary fat, more so than carbohydrate and protein, influences gut peptides to
signal satiety. Chapter 4 discusses the unique characteristics of various dietary
fats which are incorporated into cellular structures, where they modify receptor
conformation, the kinetics of neuroendocrine signaling and as of yet unquantifi-
able effects on neuroendocrine pathways.

NEUROENDOCRINE SYNCHRONICITY

Food supply is obtained intermittently. Nutrient demand is continuous. One way
the body balances supply and demand is by pulsatile secretion of neuroendocrine
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regulators. The predictable rises and falls throughout a 24 hour period can be
altered by shift-work, travel across time zones, and lack of daytime sunlight expo-
sure. Situations which disturb circadian rhythms increase the risk of obesity.
Demonstrated shifts in neuroendocrine secretions may underlie the behaviors
associated with circadian rhythm disturbances.119,120

SUMMARY

ADJUSTING A REDUNDANT SYSTEM

The neuroendocrine regulation of appetite has multiple overlapping controls and
is therefore called a redundant system. The redundancy creates a strong bias to
maintain energy intake and energy stores. As a result, efforts to reduce appetite
and weight are confounded. Early medical management for weight reduction
included triiodothyronine, human chorionic gonadotropin, and ephedrine. Such
treatments raised metabolic rate and facilitated weight loss for only a very short
term, because the redundant system compensated for the change.

APPLYING COMBINATION THERAPY

Since single pharmacologic interventions result in tachyphylaxis, another strat-
egy is to target multiple physiological pathways at once. The medication combi-
nation of phenteramine and fenfluramine targeted two systems at once. These
drugs are both amphetamine analogs with low abuse potential. Phentermine is a
potent neuronal releasers and reuptake inhibitors of dopamine. Fenfluramine is
a potent neuronal releaser and reuptake inhibitor of serotonin. In the early 1990s
it was found that the combination of these drugs had a supra-additive effect on
suppressing appetite and inducing satiety. The combination of drugs resulted, in
some cases, profound weight loss. The duration of the appetite and weight loss
effect seemed more durable and longer lasting when compared with the use of
either agent alone. While fenfluramine was removed from the market in 1997
due to an association with cardiac valve disease and pulmonary hypertension, its
combination with phentermine demonstrated the synergistic effect of combina-
tion therapy.

BROADENING COMBINATION THERAPY

The strategy of combination therapy extends beyond medical therapy and
includes nutritional balance and weight reduction surgery. Since any departure
from homeostasis favors energy conservation, maintaining adequate hydration,
essential fats, B vitamins, and minerals can improve neuroendocrine regulation
of appetite. Mineral stores can be measured, imbalances predicted and diets
adjusted. Nutrition can be used to treat other medical conditions which promote
obesity, either directly or through medications with adverse side effects.
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Surgical procedures for weight reduction as described in Chapter 16 are
more successful than current medical interventions, in part because they are
combination therapies. Bariatric surgery alters several appetite signals. Less
invasive and reversible surgical interventions can be combined with nutritional
and medical interventions to reset the redundant system of appetite and body
weight.
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INTRODUCTION

Women have a greater percentage of body fat than do men. In addition, women
and men store fat in somewhat different locations. Sexual dimorphism of adipos-
ity is apparent before puberty, and is accentuated as sex hormone levels rise to
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adult values during puberty. The gender difference in estrogen concentration
explains much of the gender differences in adiposity.

This chapter reviews the literature focused on unopposed estrogen and the
combination of estrogen and progesterone in the control of food intake and the
regulation of body mass. Estrogen modulates both peripheral and central mecha-
nisms in the control of food intake, body weight, and adiposity. This chapter dis-
cusses variations in estrogen levels — menstrual cycle phases, racial differences,
pregnancy, lactation, menopause, polycystic ovary syndrome (PCOS), hormonal
contraception — and the possible implications for clinical weight management.

GENDER AND RACIAL CONSIDERATIONS IN OBESITY

Obesity is associated with the development of a wide range of adverse health con-
sequences in both men and women: Type 2 diabetes mellitus, gallbladder disease,
dyslipidemia, insulin resistance, breathlessness, sleep apnea, coronary heart dis-
ease, hypertension, osteoarthritis (knees), hyperuricemia and gout, and some can-
cers.1 In addition, there are a number of obesity-related adverse health conditions
that are specific to women: breast cancer in postmenopausal women, endometrial
cancer, PCOS, impaired fertility, and reproductive hormone abnormalities.1 Binge
eating is also more common among women. Therefore, identifying physiologic,
dietary, and behavioral factors that uniquely contribute to weight gain, over-
weight, and obesity in women can have great clinical benefits.

Women may be more susceptible than men to weight gain, overweight, and
obesity.1–4 Changes in eating habits, activity levels, and physiologic factors have
been suggested to promote increased fat deposition during adolescence, and this
is especially likely to occur in girls.2,4 After puberty, although both young men
and young women show an increase in appetite for fat, this increased fat appetite
is significantly greater and occurs much earlier in women than it does in men.1,3

Also, in a 10 year National Health and Nutrition Examination Survey (NHANES)
follow-up study, Williamson et al.5 found that, in comparison with men, adult
women have twice the incidence of major weight gain, thus further accumulating
body fat. Women continue to experience an increase in adiposity with age, and at
any body mass index (BMI), women average a greater percentage of body fat than
do men. Indeed, the normal range of body fat in men is 12 to 20%, whereas the
normal range for women is 20 to 30% body fat.6

Although overweight and obesity have become common conditions among
women across various ethnic backgrounds in this country, the burden of weight
gain, overweight, and obesity is disproportionate among some minority popula-
tions of women, especially African–American women. At ages 30 to 55 years, the
incidence of major weight gain has been found to be 11.7% in Caucasian women
and 17.3% in African–American women.7 As reported from the NHANES III
database, the prevalence of overweight and obesity is substantially greater in
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African–American and Hispanic women than it is in either Caucasian women or
in men.8,9 In the African–American population, the percentage of obese women is
80% greater than the percentage of obese men; and it has also been reported that
the prevalence of obesity in Hispanic women is considerably greater than in
Hispanic men.9

ESTROGEN AND FOOD INTAKE

Women may be especially vulnerable to hyperphagia (overeating), weight gain,
and obesity owing to fluctuations in the female sex hormones. In contrast to the
stable patterns of daily food intake observed in males of many species, in
females of many species caloric intake and body weight are cyclic and correlate
with phases of the menstrual or estrous cycle. When estrogen is elevated and
progesterone is low, females across species show a significant decrease in caloric
intake and body weight.10–25 Further, it has been reported in female rodent
models that physiologic levels of estrogen within the estrus phase are inversely
related to food intake.10,26,27 Exogenous estrogen administration has also been
shown to produce a significant decrease in food intake in female rodents.27–29

Perhaps even more importantly, it has been demonstrated that the estrogenic
inhibition of food intake observed in rodents is due entirely to a decrease in meal
size rather than any other change that could occur in meal patterns.26,30,31 This is
noteworthy because meal size is considered to be the predominant determinant
of total food intake.

Women experience the hypophagic effect of estrogen in the late follicular and
periovulatory phases of the menstrual cycle when estrogen levels are elevated and
progesterone concentrations are low. Conversely, during the luteal phase, when
progesterone is elevated in opposition to estrogen, women significantly increase
their caloric intake and body weight.13,15,23,24 See Figure 14.1.

Women who are not obese increase their caloric intake during the postovula-
tory luteal phase by approximately 10% and possibly as much as 500 kcal during
the luteal phase.24,32 Consistent with these data, our laboratory has recently
demonstrated that women ingest significantly more calories and larger meals in
an acute food intake test during the luteal phase, when progesterone is elevated,
than they do in the late follicular phase, when estradiol is elevated and levels of
progesterone are low.33 Hence, the premenstrual increase in food intake is a robust
effect that can be detected in a single meal in the laboratory. As the duration of
the luteal phase is approximately 2 weeks in the standard, 28 day menstrual cycle,
it is possible that a marked and sustained increase in food intake during this phase
could lead to weight gain and accumulation of excess body fat. However, energy
expenditure also increases in the luteal phase. Whether or not the increase in
energy expenditure can compensate for the increase in energy intake during the
luteal phase may be a determining factor in obesity among women. The clinical
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implications are many. As women are offered a scientific explanation of physiologic
changes, they will be better equipped to control their weight.

ESTROGEN AND FOOD SELECTION

The next question is whether estrogen influences specific macronutrient (fat, car-
bohydrate, protein) intake. Young et al.34 and Geiselman et al.35 have demon-
strated that the hypophagic response to estradiol observed in the rat has some
specificity in decreasing fat intake. Consistent with these animal results, Tarasuk
and Beaton36 have reported that the greater caloric intake observed in the luteal
phase in women is attributable to a significant increase in fat intake. Other inves-
tigators have ascribed the hyperphagia observed in the luteal phase to an increase
in intake of both sweet and nonsweet, high-fat, high-carbohydrate foods.37 Based
on a number of studies using subjects’ self-reports, one can conclude that women
do tend to ingest at least slightly more dietary fat during the luteal phase as com-
pared with the late follicular phase.38–40 The above-cited, luteal-phase data were
collected from women with endogenous levels of progesterone and estrogen.
Women taking triphasic oral contraceptives, pharmacologic combinations of
estrogenic compounds and progestin, eat proportionately more dietary fat than do
women who are not taking oral contraceptives.41

Some contrasting reports conclude that the luteal phase is associated with
“carbohydrate” craving or with a specific “sweet” appetite.42–46 However, many of
these reports were based on clinical experience only or on self-reports by women;
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FIGURE 14.1 Daily caloric intake during phases of the menstrual cycle in women. Food
intake during the late follicular and periovulatory phases is significantly less than food
intake during the luteal phase. (Data are from Gong, E.J., Garrel, D., and Calloway, D.H.,
Am. J. Clin. Nutr., 49, 252–258, 1989. Adapted with permission by the American Journal
of Clinical Nutrition. Copyright Am J Clin Nutr: American Society for Clinical Nutrition.)
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and there are alternative explanations as well. Typically, in these studies, the fat
content of foods was disregarded, and foods such as chocolate, which is high in
both fat and sugar content, were mislabeled as “sweets.”

The relationship between the luteal phase and preference for dietary fat is
of particular interest as high-fat foods and diets are associated with overeating.
Rolls et al.47 has found that women report significantly greater hunger 2 h after a
high-fat/high-sugar confectionery snack, than 2 h after eating either a high-
protein (chicken) or high-starch (pasta) snack. In addition, women’s rating of
pleasantness of the taste of the chicken and the pasta preloads decreased signifi-
cantly from before to after each of these snacks, and pleasantness ratings for these
foods decreased more than the ratings for uneaten foods with similar macronutri-
ent content, thus showing sensory-specific satiety for the chicken and pasta
snacks. However, there were no significant changes in pleasantness of taste fol-
lowing the high-fat/high-sugar confectionery, indicating no evidence of sensory-
specific satiety for this snack. Two hours following consumption of each snack,
the women in Rolls’ study were offered a choice of foods. Analysis of energy
intake in the meal revealed that women ate significantly more calories following
the high-fat/high-sugar confectionery preload than they did following either the
high-protein or the high-starch preload. In summary, women were hungrier after
snacking on high-fat/high-sugar foods than after snacking on either high-protein
or high-starch foods.

ESTROGEN AND THE ETHNIC GAP

There are striking ethnic differences in fat intake across the menstrual cycle, espe-
cially during the luteal phase. Our laboratory is investigating whether or not dif-
ferences in fat intake during the luteal phase can help explain the ethnic
difference in obesity among women. Using our Macronutrient Self-Selection
Paradigm©48 and our Food Preference Questionnaire©,48 we are assessing fat and
other specific macronutrient intake and fat preference in perimenopausal, men-
struating African–American and Caucasian women in both the late follicular
phase and the luteal phase of the menstrual cycle. We have obtained significant
differences in fat and total caloric intake between these two groups of women,
especially during the luteal phase. The perimenopausal African–American
women selected and ingested significantly more fat and total calories across the
menstrual cycle than did perimenopausal Caucasian women. This effect was
greatest in the luteal phase when the African–American women’s fat intake was
260 kcal (28.9 g) greater than fat intake in the Caucasian women in a single
meal.49 Hence, this pattern of macronutrient self-selection, which has been asso-
ciated with hyperphagia and weight gain, demonstrates an ethnic difference in the
perimenopausal African–American women in the risk for diet-induced hyperpha-
gia, especially in the luteal phase. This pattern of macronutrient self-selection
may be at least partially responsible for the fact that obesity rates are higher in
African–American women than in Caucasian women.
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Editor’s Note

As part of a weight management strategy, women may wish to consciously decrease
meal size during the luteal phase (when progesterone level is elevated in opposition
to that of estrogen) of the menstrual cycle and also during menopause. Restoring
age-appropriate physiologic levels of estrogen appears to be beneficial in weight
management. Women who strive for a low-fat diet, should be aware of the recent
study, which found that women using contraceptive pills consume a higher per-
centage of dietary fat than women who do not use hormonal contraception.

PREGNANCY, ESTROGEN, AND FOOD INTAKE

During pregnancy blood levels of estriol and estradiol increase significantly and
continuously until close to parturition.50,51 Concomitantly, plasma progesterone
levels increase markedly during the first trimester and then continue to rise to
significantly higher levels until the pregnancy is close to term. This hormonal
characterization, with elevated levels of progesterone acting in opposition to the
hypophagic effect of estrogen, would lead one to expect a significant increase in
total caloric intake during pregnancy. Numerous animal studies show that
appetite increases during pregnancy and that pregnancy produces significant
increases in fat deposition and total body mass.50

Pregnant women are advised to increase calorie intake by 300 kcal/d to meet
the increased energy demands. Appetite increases during pregnancy have not
been easy to quantify. Data from some dietary surveys have indicated that preg-
nant women report puzzlingly small increases in caloric intake.52,53 The studies
used dietary self-reporting. Goldberg et al.54 assessed energy expenditure in 12
pregnant women using the doubly labeled water, stable-isotope method. The
dietary self-reports for 4 of the 12 pregnant women were implausible. These
investigators, among others, have concluded that some subjects provide dietary
self-reports that are biased toward underestimation.54,55 However, even if food
intake were measured objectively in pregnant women, data interpretation would
still be problematic because physiologic changes during pregnancy would be
confounded by changes due to nutritional advice.

LACTATION AND POSTPARTUM WEIGHT CONTROL

Lactating women are given the recommended dietary advice to increase their
daily caloric intake by 500 kcal/d. Owing to the high energy demands of milk
production, there is a common assumption that lactation helps women return to
their normal body weight. However, as has been noted in the literature,56–58 the
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vast majority of reports do not find an association between lactation and increased
maternal weight loss in the postpartum condition.56–58

ESTROGEN DEFICIENCY AND THE LABORATORY RAT

Estrogen deficiency is well studied in rat models, in which deficiency is created by
surgical removal of the ovaries. Following ovariectomy in rats, the cyclic patterns of
food intake are eliminated,14,59 and the animals show a dramatic increase in caloric
consumption27 and meal size.60,61 The increase in meal size has been attributed to
estradiol deficiency.60,61 During the initial 3 to 5 weeks postovariectomy, the hyper-
phagic effect leads to a 20 to 25% increase in body weight,26,28,62 which is primarily
due to a specific increase in adiposity.60,63–65 The hyperphagic response that leads to
the increased adiposity following ovariectomy has been attributed to the elimina-
tion of the ovarian secretions of estradiol because physiologic replacement of this
hormone reverses the hyperphagia.21,28,62 It has also been demonstrated that a single
injection of estradiol produces a significant decrease in food intake in ovariec-
tomized monkeys.21 Further, cyclic replacement of estradiol in ovariectomized rats
both reverses the hyperphagia and produces a cyclic pattern of food intake.60,66,67

However, administration of progesterone alone does not affect food intake in
ovariectomized rats or monkeys,21,60 but large doses of progesterone may antagonize
estradiol.14,59 Consistent with the above data showing that estrogen replacement
reverses the hyperphagia in an estrogen-deficient animal, it has also been shown that
pharmacologic replacement of estrogen to an estrogen-deficient animal decreases
body weight; this effect is primarily due to a decrease in adiposity.27,63–65

LOSS OF OVARIAN FUNCTION

Studies on ovariectomized animals demonstrate the various benefits of estrogen
replacement in abrupt loss of ovarian function. Women who have a sudden loss in
ovarian function, usually due to surgical removal of the ovaries during the child-
bearing years, are given estrogen replacement. A remaining question is whether or
not progesterone (bioidentical to the body’s natural progesterone) replaced at
physiologic concentrations can counteract estrogen’s benefits in these women.

MENOPAUSE AND OBESITY

Menopause represents a gradual, life-stage appropriate, loss of ovarian function.
Women may be especially vulnerable to overweight and obesity at menopause,
which presents a weight-gain risk factor unique to women. Retrospective reports
have indicated that weight gain is a common concern among women at meno-
pause, and most investigators have reported a significant increase in body weight
in menopausal women.68
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It is not clear why women may be particularly at risk of rapid weight gain at
the time of menopause.69 It has been reported that physical activity during leisure
time is decreased in menopausal women,70 but other results are contradictory to
this finding.68,71 It has also been reported that menopausal women have a slightly
decreased resting metabolic rate (RMR).70 Both decrease in physical activity and
slight decrease in RMR could contribute to a positive energy balance and weight
gain in menopausal women. One would expect decreases in metabolic expendi-
ture in menopausal women due to (1) loss of lean tissue mass and gain in fat mass
and (2) loss of the luteal-phase increase in energy expenditure.72

The average woman gains an additional 1 to 2 kg at menopause, but it should
be noted that increased health risks can occur with a relatively small increase in
body weight.1 Manson et al.73 have reported that even mild to moderate obesity in
middle-aged women significantly increases the risk of coronary disease. Moreover,
some women have much greater weight gain at menopause, and a number of stud-
ies have suggested that menopause can present a high risk for the development of
obesity in women.74,75 Although it is not entirely clear to what extent changes in
body weight may be due to menopause per se, independent of aging, it is clear
that a progressive increase in weight gain does take place in women at the time
of menopause.

Interestingly, Flegal et al.75 have reported that for men, the prevalence of a
BMI in the overweight range (25.0 to 29.9) was lowest in the 20 to 29 years age
group, significantly increased in the 30 to 39 years age group, but not further
significantly increased in older age groups.75 On the contrary, in women the
prevalence of a BMI in the overweight range increased substantially with each
advancing age group.75

Although there is some controversy in the literature regarding the role of
menopause per se on changes in adiposity, there are data suggesting that menopause
may accelerate age-related changes in body composition, i.e., decreased lean tissue
mass and increased fat tissue mass.70,76,77 Furthermore, unlike premenopausal
women who have sufficient estrogen levels to promote primarily lower body,
gluteo-femoral, fat deposition, at menopause women have some specificity for
an increase in their upper body, abdominal fat deposition.17 This trend toward
central obesity favors increased cardiovascular, cancer, and metabolic risks78,79

in Caucasian menopausal women, but it is not yet clear whether African–American
women experience these adverse effects to the same extent as Caucasian
women.80,81

Several studies using x-ray imaging techniques have reported a shift toward
abdominal fat distribution at menopause (which can occur even when there is no
change in the waist:hip ratio). Dawson-Hughes and Harris82 studied body com-
position changes across a 1 year period in 125 postmenopausal women and found
an increase in trunk fat measured by dual-energy x-ray absorptiometry (DEXA).
However, as there was no premenopausal comparison group in this study, it is not
clear whether this change was due to menopause per se or merely aging. Ley
et al.83 also reported that postmenopausal women had more upper body fat, as
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measured by DEXA, than did premenopausal women. Svendsen et al.84 statistically
controlled for the effects of aging and still observed a significant independent
effect of menopausal status on both total and abdominal fat percentage.

More recent studies have used computerized tomography (CT) scans as a
direct measure of intra-abdominal fat in pre- and postmenopausal women and
have consistently reported an increase in visceral abdominal fat with meno-
pause. Enzi et al.85 have reported that postmenopausal women have a decreased
subcutaneous-to-visceral (S/V) fat ratio measured by CT scan as compared to
age-matched premenopausal women. Similar findings were reported by Hunter
et al.,86 Kotani et al.,87 and Zamboni et al.,88 all of which suggest that menopause
accelerates the accumulation of visceral fat. These findings are a matter of great
concern because intra-abdominal visceral fat is the type of fat that is most highly
associated with increased health risks.

As suggested above, estrogen deficiency at menopause has been implicated in
the change in fat distribution occurring at this time. Estrogens appear to promote
lower body, gluteo-femoral fat accumulation, whereas androgens have been asso-
ciated with an upper body, abdominal fat distribution in premenopausal89 and
postmenopausal Caucasian women.90 At menopause, there is a shift in the ratio of
androgens to estrogens as ovarian estrogen production ceases while adrenal
androgen production continues, which may be associated with the changes in fat
distribution occurring at this time. The mechanism for this effect has been
proposed by Rebuffe-Scrive and colleagues91 to be related to alterations in
lipoprotein lipase activity in different fat depots in premenopausal compared to
postmenopausal women. See Figure 14.2, which illustrates the shift from “pear-
shaped” to “apple-shaped” fat distribution, which can occur in women during
menopause.

Few studies have investigated the effects of menopause on food intake.68,70,77,92,93

The studies that have compared food intake in pre- and postmenopausal women
have not found significant differences, but it should be noted that these studies have
tended to rely on self-reports rather than directly measuring food intake. With the
exception of a study of perimenopausal African–American and Caucasian women
currently in progress in our laboratory, no studies have directly measured longi-
tudinal changes across menopause in fat and other macronutrient intake in a val-
idated and reliable paradigm using a wide spectrum of foods in which fat is
commonly ingested by this population. The paucity of studies on food intake, and
especially on fat and other macronutrient intake, in menopausal women is sur-
prising in view of the evidence that dietary factors, especially highly palatable,
high-fat, energy-dense diets, strongly influence the energy balance equation and
are major modifiable factors that can promote weight gain and maintain over-
weight and obesity.1

Most symptoms and signs of menopause are due to decreased circulating
estrogen levels, and this hormonal deficiency may also affect the control of food
intake, especially fat appetite and intake, in menopausal women. Considered
collectively, the above literature review suggests that the decrease in estradiol
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that occurs with menopause may promote an increase in energy intake, and
specifically an increase in fat appetite and intake, thereby leading to an increase
in body weight.

As there are differences in sex hormone levels in African–American and
Caucasian women,81 it is not known whether the decreased estrogen levels occur-
ring at menopause would affect food and specific macronutrient intake in
Caucasian and African–American women to the same extent. As noted above, no
published studies have directly assessed changes in fat appetite and intake and
other macronutrient intake across the menopausal transition in any racial group
using a validated and reliable macronutrient self-selection paradigm.

REPLACING ESTROGEN DURING MENOPAUSE

Unopposed estrogen (conjugated equine estrogen [CEE]) administered to post-
menopausal women produces a significantly smaller amount of weight gain than
is observed in women given placebo.69,94 However, results of studies that have
administered CEE in combination with a progestational agent have not been con-
sistent. For example, Espeland et al.94 have reported that administration of CEE
in combination with either medroxyprogesterone acetate (MPA, administered
either continuously or cyclically) or micronized progesterone (administered
cyclically) is as effective as CEE alone in suppressing weight gain. Other studies
have reported that women administered CEE plus MPA gain as much weight
as do control subjects.93 Moreover, Aloia et al.77 have reported that women admin-
istered CEE plus MPA gained significantly more weight than did women in
the placebo group. A number of methodologic differences may account for the
discrepancies in the results of studies in this literature.
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FIGURE 14.2 Abdominal and femoral–gluteal fat distribution. As estrogen levels decline
during menopause, the body shifts weight from the femoral–gluteal region to the abdomi-
nal, visceral region — from “pear shape” to “apple shape.” Concurrently, women’s risk for
cardiovascular disease and insulin resistance increases.
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CHOOSING ESTROGEN REPLACEMENT

Estrogens are a family of similarly structured steroid compounds that bind to the
two estrogen receptors, alpha and beta, with differing affinities. Unfortunately,
the literature is sparse on the relationship between the above-described sex or
estrogen differences in food intake, body composition, and hormone replace-
ment therapy (HRT), especially when conducted as randomized clinical trials
(RCTs) to compare estrogens and progestins. The reasons for the lack of RCTs
comparing HRT regimens on body composition is unclear but may be partially
due to the lack of funding from HRT manufacturers. Certainly, the sparsity of
this literature does not reflect the concerns expressed by women in the clinic.
Both the type of estrogen (17beta vs. ethinyl estradiol) and the progestational
agent can influence adipose tissue metabolism in a fashion predicted to influence
fat patterning.95 Several recent reports highlight the concerns surrounding the
progestin component of HRT, especially with regard to insulin sensitivity.96

Therefore, patients may wish to consider transdermal HRT available as creams
or patches. Since the transdermal route avoids the pharmacologic challenges of
oral administration, the bioidentical hormones can be used rather than hormonal
metabolites.

ESTROGEN AS A NEUROENDOCRINE
RESPONSE MODIFIER

Estrogen exerts its effects on the nexus of hormones that regulate energy balance.
Leptin is one such hormone that is under the influence of estrogen. Leptin is an
adipocyte-derived hormone that is secreted into the circulatory system, signaling
levels of body fat and promoting negative energy balance and weight loss.27,97

To exert its effects centrally, circulating leptin from the periphery is trans-
ported across the blood–brain barrier into the central nervous system (CNS),98–102

where it acts by binding to receptors, especially in the hypothalamus, to alter
the expression of a number of neuropeptides (neuropeptide Y [NPY], thy-
rotropin, corticotropin-releasing hormone, melanocyte-stimulating hormone,
agouti-related protein, pro-opiomelanocortin, melanin-concentrating hormone,
and cocaine- and amphetamine-regulated peptide)27,103 that regulate neuroen-
docrine functioning and control energy intake and expenditure.27,97,103

Mystkowski and Schwartz27 have published a thorough and insightful review
of the common properties related to the control of food intake, body weight, and
adiposity that estrogen shares with leptin. These authors have pointed out the
reciprocal relationship between estrogen and leptin and have provided an exten-
sive review of the effects of gonadal steroids and leptin on important hypothala-
mic neuropeptide systems involved in the control of food intake. It has been
demonstrated, for example, that the serotonergic system (5-hydroxytryptamine
[5-HT]), which is an important hypothalamic mechanism in the control of food
intake, is modulated by estrogen.61 This system is well documented in the
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selective suppression of fat intake104–107 and, under some conditions, suppression
of carbohydrate intake.108 Insulin, which also has been shown to specifically
reduce dietary fat intake,109,110 is another CNS signal for adiposity and energy
status that shares some common properties with estrogen.

In addition, estrogen attenuates mechanisms that increase food intake
and body weight. NPY, which has an antagonistic relationship with 5-HT in
the paraventricular nucleus of the hypothalamus, is one of the most potent
stimuli for hyperphagia.104,109 It has often been reported that the increase in food
intake in response to NPY is due to a preferential increase in carbohydrate
intake104,111–113 and, to a lesser extent, to enhanced fat intake.113,114 However,
the macronutrient specificity of NPY may require further qualifications with
respect to carbohydrate type, simple sugar vs. complex carbohydrate, and
conditions of macronutrient availability. Mystkowski and Schwartz27 have
reviewed data indicating that estrogen may directly affect NPY production and
suggesting a connection between estrogen, leptin, and NPY in the control of
energy homeostasis.

Because eating behavior occurs in discrete episodes, i.e., meals, it is clear
that meal size and/or meal frequency should be controlled to maintain energy
balance.60,66,67,115 However, it is meal size, not meal frequency, that is considered
to be the major determinant of total caloric intake,60,66,67 with the control of meal
size being firmly coupled to signals of adiposity and changes in energy balance.115

Notably, administration of leptin116 or 5-HT104,117–119 produces a significant
decrease in meal size associated with the decrease in food intake, whereas
animals treated with NPY show a delay in meal termination and thus ingest larger
meal sizes, resulting in an increase in total caloric intake.112

As originally proposed by Gibbs et al. in 1973,120 a number of peptides
secreted by the gut during a meal signal satiation to the CNS, resulting in meal
termination. For example, cholecystokinin (CCK), bombesin, gastrin-related
peptide, neuromedin-B, glucagon, glucagon-like peptide-1, enterostatin, somato-
statin, and apolipoprotein A-IV have been implicated in the control of meal
size.112 Among these peptides, CCK has been the best studied. As of 1992, it had
been operationally proven that the release of CCK from the small intestine dur-
ing a meal acted to physiologically decrease meal size in rats.67,121 In humans it
has also been demonstrated in double-blind studies that CCK infusion decreases
meal size and does not disrupt the normal subjective experience of sati-
ety.60,66,67,121,122 No specific macronutrient intake effects of CCK have been estab-
lished, but this peptide has been demonstrated to have a marked effect on both
peripheral (enterostatin)123,124 and CNS (5-HT)104,125,126 effectors that are associ-
ated with a selective inhibition of fat intake.

The estrogenic inhibition of food intake observed in rodents has been attrib-
uted entirely to a decrease in meal size.26,30,31 A considerable body of data has sug-
gested that estradiol may partially exert this effect by potentiating the satiating
effects of some of the gut peptides, especially CCK.
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POLYCYSTIC OVARY SYNDROME

PCOS is a medical condition where estrogen levels are altered in relation to
other hormones. The clinical characteristics of PCOS include polycystic ovaries,
hyperandrogenism, obesity, menstrual disturbances, and hirsutism. The endocrine
profile of women with PCOS is characterized by high plasma concentrations
of ovarian and adrenal androgens, gonadotropin abnormalities, a relative increase
in estrogen levels (especially estrone) derived from conversion of androgens,
reduced levels of sex hormone binding globulin (SHBG), and often high levels of
prolactin and insulin.127 In the ovary, the cardinal feature is functional hyperan-
drogenism. Circulating concentrations of insulin and luteinizing hormone (LH)
are almost always raised. The theca cells, which envelop the follicle and produce
androgens for conversion in the ovary to estrogen, are overresponsive to this stim-
ulation. They increase in size and overproduce androgens. The rise in LH levels
is thought to be caused by the relatively high and unchanging concentrations of
estrogens, which may alter the control of this hormone by the hypothalamic–
pituitary axis.128 This combination of raised levels of androgens, estrogen, insulin,
and LH explains the classic PCOS presentation of hirsutism, anovulation or dys-
functional bleeding, and dysfunction of glucose metabolism.129 Importantly, the
elevated estrogen levels act to reverse the estrogen advantage, leading to increase
in the risk of diabetes and cardiovascular disease.

The fundamental pathophysiologic defect of PCOS is poorly understood, but
the primary defect may be insulin resistance, defined as the decreased ability of
insulin to stimulate glucose disposal into target tissues, leading to hyperinsuline-
mia. Paradoxically, although the insulin regulatory molecules on the theca cells
are responsive to insulin, those in the muscle and liver are resistant. Insulin
resistance is a common characteristic of women with PCOS, occurring frequently
with compensatory hyperinsulinemia and dyslipidemia.130 There is complex
interplay of the gonadal steroid abnormalities of PCOS and insulin resistance,
with partial suppression of androgen levels improving the insulin resistance.131

Thiazolidinedione treatment decreases both androgen and insulin levels.132 Other
approaches to improving insulin sensitivity, such as weight reduction and met-
formin, have also been shown to decrease androgen levels and restore ovulation.

Patients with PCOS are now recognized to have significant metabolic distur-
bances. Approximately 38% of women with PCOS demonstrate some degree of
impaired glucose tolerance as a result of insulin resistance by the third or fourth
decade of life.133

Obesity, a well-known risk factor for type 2 diabetes, is also a common char-
acteristic of women with PCOS. Obesity has been reported to be present in 35
to 80% of women with PCOS.133 Women with upper body obesity, which is the
type most commonly seen in women with PCOS, have higher free androgen
levels compared to those with lower body obesity134 and exhibit significantly
higher levels of insulin resistance.135 The real question is whether the insulin

Estrogen’s Role in the Regulation of Appetite and Body Fat 243

DK6006_C014.qxd  11/11/2005  3:07 PM  Page 243



resistance and obesity are causes or the result of the underlying pathophysiology
of PCOS.

Weight loss is one of the simplest and most cost-effective approaches for
improving insulin abnormalities and endocrine function. Weight reduction can
improve insulin sensitivity, decrease circulating androgens, and increase SHBG,
leading to improved ovulation in women with PCOS.136,137 Although it is reason-
able to recommend a weight-reducing diet and exercise as first-line therapy for all
obese women with PCOS, those women with PCOS who are obese find it unusu-
ally difficult to lose weight.

CONCLUSION

Food intake and body weight are cyclic in women and correlate well with the
phases of the menstrual or estrous cycle. When estrogen level is elevated and
progesterone level is low, females across species show a significant decrease in
caloric intake and body weight.10–14 The hypophagic effect of estrogen is due to a
decrease in meal size, which is the predominant determinant of total caloric
intake.30 Estrogen may function as a physiologic modulator of many neuroen-
docrine mechanisms that are major factors in energy homeostasis. Several of
these neuroendocrine systems that estrogen modulates influence total caloric
intake and macronutrient selection, particularly fat intake. Progesterone, which
becomes elevated during the 2 week luteal phase in the standard 28 day cycle,
acts antagonistically to the hypophagic effect of estrogen and promotes weight
gain. Menopause, which is characterized by decreased circulating estrogen levels,
also presents a weight-gain risk factor that is unique to women, and African–
American women may be more vulnerable to weight gain at the time of this life
transition than are Caucasian women.
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PREVALENCE

Overweight affects one in ten children worldwide, reports the International
Obesity Task Force to the World Health Organization.1 The National Health and
Nutrition Examination Surveys (NHANES) are U.S. population-representative
cross-sectional studies that provide numbers for the epidemic curve of obesity in
the United States. The NHANES III survey, conducted from 1988 to 1994, found
that 11% of children and adolescents in the United States aged 6 to 17 years were
overweight.2 This represents almost a doubling of the prevalence rates reported in
the previous NHANES II survey, which covered the period from 1974 to 1988.3

Data from the most recent study, NHANES 1999 to 2002,4 show that obesity rates
in children have increased even further, to 16% of children and adolescents aged
6 to 19 years, a rate that is more than three times the target prevalence (5%) of
overweight in children set for Healthy People 2010.4 A disheartening statistic is
that the heaviest children have become even heavier.2

CASE DEFINITION

Obesity in adults is defined by body mass index values (BMI, weight [kg]/height
[m2]).5 Obesity in children is based on statistical definitions using reference pop-
ulations.6 In 2000, the Centers for Disease Control and Prevention published sex-
specific BMI-for-age growth charts for girls and boys 2 to 19 years of age based
on data from five national health examination studies covering the period from
1963 to 1994, thereby providing standards representative of the racial and ethnic
diversity of the U.S. population.6 “At risk of overweight” was defined as being at
or above the 85th percentile, but less than the 95th percentile of the sex-specific
BMI for age. “Overweight” was defined as being at or above the 95th percentile
of the sex-specific BMI for age. The BMI charts are widely available (http://
www.cdc.gov/growthcharts/) and currently recommended for regular use by pedi-
atricians as part of the well-child visit. Assessment for overweight and at risk of
overweight is obtained by plotting the child’s BMI for age and sex, from which
the BMI percentile ranking is derived.7

CRITICAL PERIODS

Dietz has described three critical periods in childhood when the risk of onset,
complications, or persistence of obesity is increased.8,9 These are the prenatal
period, the period of “adiposity rebound,” and adolescence.

PRENATAL

During the prenatal period, intrauterine growth can be affected by many factors.
The Dutch famine study was the result of a natural experiment that presented an
opportunity to study the effects of maternal nutrition on offspring later in life.10
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In that study, it was found that growth retardation in the third trimester of
pregnancy led to reduced height and weight, whereas growth retardation in the
first and second trimesters resulted in increased prevalence of obesity among
offspring at 18 years of age. Maternal diabetes, as type 1, type 2, or gestational
diabetes, can also have significant effects on the offspring. The diabetic intrauter-
ine milieu is characterized by increased concentrations of glucose, amino acids,
and lipids in the maternal circulation, greater delivery of these nutrients to the
fetus, elevated fetal insulin secretion, and accelerated fetal growth.11,12 Because
differentiation of adipose tissue and storage of triglycerides begins during the
third trimester of pregnancy,13 diabetes at this point in fetal development can
hasten the accumulation of fat in the fetus and can result in infants that are both
heavier and fatter than infants born to nondiabetic women.14 The differences in
weight found at later ages in offspring of women with diabetes may be because
of what Dietz calls “entrainment” of appetite regulation or adipocyte number
during the early intrauterine period, possibly as a consequence of the differen-
tiation of the hypothalamic centers responsible for control of food intake.8

Furthermore, a recent study has found that adult offspring of diabetic pregnancies
are at higher risk of developing diabetes themselves. A decreased insulin secre-
tory response is thought to be an underlying factor.15

ADIPOSITY REBOUND

The adiposity rebound (Figure 15.1) was described by Rolland-Cachera
et al.16 as the point of maximal leanness, defined using BMI, prior to the
second period of rapid growth of body fat in children. The first period of rapid
fat accumulation occurs during the first year of life and is characterized by fat
cell hypertrophy. The second period, which starts at about 5 to 6 years of age,
is thought to involve both hypertrophy and hyperplasia.16,17 Fat deposition
beginning at the point of the adiposity rebound is gradual and persists through-
out life. In several studies, an early age at adiposity rebound was found to
predict obesity in the teenage years as well as in adulthood.17–19 Early age at
adiposity rebound is associated with greater risk of glucose intolerance and dia-
betes in young adulthood.20 Whether the age at adiposity rebound is genetically
programmed and represents an inherited predisposition to obesity or is because
of environmental influences has not been shown.17 In summary, age 5 to 6 is a
vulnerable period during which time physical inactivity and excess calorie
intake should be addressed.

ADOLESCENCE

Adolescence is a period characterized by accretion of body fat in both boys and
girls. Body fat as a percentage of body weight actually decreases in boys
during adolescence. In girls, however, body fat as a percentage of body weight
increases, a circumstance that can profoundly affect the quantity and persistence
of obesity in females. Body fat deposition appears to be correlated to the timing
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of puberty, positively in boys but negatively in girls.21 Moreover, sexual dimor-
phism in body fat distribution occurs during puberty, with fivefold greater central
deposition of body fat in males compared to females.22 Pubertal androgens can
also affect the concentration of hormones such as leptin, which can in turn effect
pubertal growth. In addition to the increased risk of adult obesity, adolescent obe-
sity has been shown to independently increase adult mortality from cardiovascu-
lar disease, colorectal cancer, and ischemic heart disease.23

GENETICS AND THE EARLY ENVIRONMENT

The current increase in childhood obesity is most obvious among ethnic minority
populations that may be more genetically susceptible to the interaction between
genes and the environment (Figure 15.2); 24% of African-American and
Hispanic children are above the 95th percentile of the sex-specific BMI for age.4

Nowhere, however, is the trend in childhood obesity more apparent than in
Native American communities, where overweight prevalence rates in children
and adolescents range from 30 to 40%, much greater than in the overall popula-
tion.24–26 Minority groups also have a disproportionate amount of type II diabetes
mellitus (T2DM). Over 40 years ago, Neel27 proposed the thrifty genotype
hypothesis to explain the enigma of diabetes, suggesting that diabetes is the
expression of a thrifty gene that confers a survival advantage on people beset
with alternating periods of abundant and limited food supplies, circumstances
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FIGURE 15.1 Changes in the percentiles of BMI among children and adolescents.
Children with a BMI in the 97th percentile have an earlier rebound (4 years of age) com-
pared to those in the 50th percentile (6 years of age) and those in the 3rd percentile (7 years
of age). An earlier age at rebound is associated with a greater risk of obesity. (Adapted
from Kuczmarksi, R.J., Ogden, C.L., Grummer-Strawn, L.M., Flegal, K.M., Guo, S.S.,
Wei, R., Mei, Z., Curtin, L.R., Roche, A.F., and Johnson, C.L., CDC growth charts: United
States, Advance Data, 314, 1–28, 2000. With permission.)
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historically found among indigenous peoples. In addition, he hypothesized that
individuals predisposed to diabetes differ metabolically from non-predisposed
individuals starting from birth in that they have an increased efficiency in food
intake or utilization and higher insulin secretion following food intake. The
thrifty genotype is disadvantageous in modern times, however, when calories are
abundant and a physically active lifestyle is unnecessary and it often results in
obesity. Although a “thrifty” gene has yet to be uncovered, in Chapter 2, Bland
discusses elements of Neel’s hypothesis that are substantiated today.

Genetic and early environmental risk factors do not make obesity inevitable.
This is illustrated by the genetic mutation that leads to Prader–Willi syndrome.
Prader–Willi syndrome is associated with extraordinary hyperphagia and diet
management is extreme. Even so, diagnosis before the age of 10 has a more favor-
able prognosis attributable to early initiation of diet management.28

POPULATION CASE STUDY OF CHILDHOOD
OBESITY AND TYPE 2 DIABETES

Diabetes (T2DM) is highly prevalent among ethnic minority populations. The
Pima Indians of Arizona are an indigenous, genetically homogeneous population
that has undergone a very rapid lifestyle change in a relatively short period of
time. The Pima Indians have the highest reported prevalence of T2DM in the
world; by the age of 35 years, half the population has diabetes.29 Furthermore, at
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FIGURE 15.2 Prevalence of “at risk for overweight” and “overweight” in children 6 to
19 years of age by sex and racial/ethnic group; United States, 1999 to 2000. The prevalence
of “at risk of overweight” (�85th percentile) in all children was 31.0% whereas the preva-
lence of overweight (�95th percentile) was 16.0%. All ethnicities (black bars), non-Hispanic
white (light gray bars), non-Hispanic black (dark gray bars), Mexican Americans (white
bars). (Adapted from data in Hedley, A.A., Ogden, C.L., Johnson, C.L., Carroll, M.D.,
Curtin, L.R., and Flegal, K.M., Prevalence of overweight and obesity among US children,
adolescents, and adults, 1999–2000, JAMA, 291, 2847–2850, 2004. With permission.)
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each age, both the prevalence and incidence of T2DM in Pima Indians are higher
now than in previous years, resulting in more people with diabetes at earlier ages,
especially children.30 As the age of onset of T2DM decreases, more women of
childbearing age have diabetes or are at risk of developing gestational diabetes.
The resulting offspring, who are heavier at birth and at risk of childhood obesity,
are highly susceptible to developing T2DM themselves,31 thus resulting in a
cross-generational vicious cycle32 whereby successive generations of women
are at greater risk of already being obese and having T2DM at childbearing age
than the preceding generation. A recent epidemiological study of this cohort
concluded that in utero exposure to diabetes was responsible for 40% of the
T2DM diagnosed in 5- to 19-year-old children from 1987 to 1996 and that more
than 70% of those with prenatal exposure to diabetes developed the disease by
25 to 34 years of age.33

Since 1963, the Pima Indians of the Gila River Indian Community have par-
ticipated in NIH-conducted studies aimed at identifying risk factors for obesity
and T2DM. The studies have contributed to the definition of diabetes, the diag-
nostic criteria of the disease, clues to the development of T2DM, and much of our
knowledge about the complications of T2DM. Pima volunteers have also partici-
pated in the Diabetes Prevention Program, which showed that a 7% decrease in
body weight along with a daily 30-min walking regimen could delay the onset of
T2DM in individuals at high risk of the disease.34 Pima women who had diabetes
during pregnancy and their offspring are now the focus of a number of studies
designed to decrease the risks of obesity and diabetes in these high-risk children.
For example, in a study to determine why offspring of diabetic pregnancies are
heavier than their normoglycemic counterparts at a young age, we investigated
the total energy expenditure in groups of 5-year-old children. Although we did
not find differences in energy expenditure between these two groups,35 we did
find that both groups were similarly inactive (Figure 15.3). A study of food intake
in children of diabetic vs. nondiabetic mothers is currently ongoing. It is our hope
that these contributions by Pima Indian volunteers will have a significant impact
on the health of their community and that of children worldwide.

MEDICAL CONSEQUENCES OF OBESITY

Eighty percent of obese children become obese adults, and obesity is more severe
and the comorbidities appear earlier in adults who were obese as children.36

Because of the increased risk of serious chronic diseases, obesity in childhood
can reduce overall life expectancy.37

Childhood onset of T2DM and hypertension were previously rare. Prevalence
is increasing with the obesity epidemic and therefore screening is now recom-
mended.38,39 Weight loss is the treatment of choice and can be more effective with
early detection. The American Diabetes Association recommends screening for
diabetes starting at 10 years of age (at puberty if earlier than 10 years) in children
at risk of overweight (�85th percentile) who also have two of the following risk
factors: (1) a family history of diabetes; (2) an ethnic background that includes
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American-Indian, African-American, Hispanic-American, or Pacific Islander
heritage; or (3) signs of insulin resistance such as acanthosis nigricans, hyper-
tension, dyslipidemia, or polycystic ovary syndrome.40 Fasting plasma glucose
concentrations measured every 2 years is the preferred screening regimen.
Recommendations for screening, methods of assessment, and tables of estab-
lished norms of blood pressure values for children have recently been published
by the American Academy of Pediatrics.41

Overweight adolescents can develop fatty degeneration of the liver, known as
hepatic steatosis.42 Chemistry profiles show high concentrations of liver enzymes,
which can normalize with weight reduction alone. Research suggests that the
ratio of macronutrients in the diet influences the disease process; high fat is
preferable to high refined carbohydrate (Chapter 5).43 Hyperlipidemia, also com-
mon in overweight adolescents, may improve with weight reduction. Elevated
triglycerides respond to reduction in refined carbohydrates and partially hydro-
genated (trans) fats. Cholecystitis is more common with overweight in all ages,
especially adolescence. Dieting without medical supervision, patterns such as
skipping several meals and avoiding dietary fat, can prevent the gallbladder from
emptying and lead to gallstone formation.

Sleep apnea occurs in approximately 7% of overweight children.44 A related
condition, obesity hypoventilation syndrome, also known as Pickwickian syn-
drome, requires specialized medical attention. Pseudotumor cerebri is a cause of
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FIGURE 15.3 Total energy expenditure (left panel) and physical activity level (right
panel) in 5-year-old offspring of women who were either diabetic or normoglycemic during
the index pregnancy. There were no differences in total energy expenditure or physical
activity level between the two groups of children. Both groups of children were similarly
inactive as compared to the WHO recommendations.42 (Adapted from Salbe, A.D.,
Fontvieille, A.M., Pettitt, D.J., and Ravussin, E., Maternal diabetes status does not influ-
ence energy expenditure or physical activity in 5-year old Pima Indian children,
Diabetologia, 41, 1157–1162, 1998. With permission.)
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headache from increased pressure in the skull. Although rare, it is associated with
obesity and requires immediate attention.

Obesity affects the entire musculoskeletal system, often into adulthood. Over-
weight adolescents commonly experience early skeletal maturation. Early matura-
tion is defined as a skeletal age more than 3 months in advance of chronologic age
and is associated with increased body fat in adulthood. Glucose intolerance and
T2DM create an adverse hormonal environment for muscle synthesis.

Obese children experience more traumatic injuries to anterior teeth, an
observation authors attribute to a decrease in sports skillfulness.45 Obese children
experience more injuries of joints in the lower extremities and healing may take
longer. For example, obese children are more likely to have persistent symptoms
6 months after an ankle sprain.46 Overweight is associated with increased fracture
risk. The increase in fracture risk is attributable to reduction in bone mineral
density rather than to increased trauma.47 Childhood obesity does not have a
positive effect on bones. Overweight adolescents have low bone mineral levels
for weight, which places excessive load on the immature femoral head.48 The
untoward biomechanical forces, combined with endocrinologic imbalances of
low testosterone and growth hormone levels, predispose obese children to an
otherwise rare condition, slipped capital femoral epiphysis (SCFE).49 SCFE is a
surgically corrected condition that often has an insidious onset of limping and
hip pain. Early identification and treatment can prevent hip osteonecrosis and
osteoarthritis.

BEHAVIORAL INTERVENTIONS

Overweight in childhood has psychosocial consequences. Often social discrimi-
nation leads to a negative self-image in adolescence that can persist.50 Behavioral
interventions for childhood obesity are best implemented with awareness of the
child’s psychosocial setting. The following is the approach developed and used
by The Yale Center for Eating and Weight Disorders.

EMPATHIZE WITH PARENTS

Parents of overweight children are fighting against genetic, biological, psycho-
logical, and environmental forces. Medical professionals who take an empathic,
supportive stance are most likely to be able to help these families. It is important
to note that there is a very powerful societal stigma of obesity, and research sug-
gests that health professionals — even those who specialize in obesity — have
these negative implicit attitudes.51,52 Overweight people are considered to have
caused their condition by their behavior, and are therefore blamed and held
personally responsible for making changes. In the case of childhood obesity, it is
difficult to blame the child, so parents are blamed instead. Overweight parents
may find it particularly difficult to ask for help from their child’s doctor because
they worry they will be judged for their own appearance. It is important to
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acknowledge the complex etiology of obesity and join with the parents in trying
to identify strategies to help the child.

CULTIVATE HEALTHY FOOD PREFERENCES

There is an informative body of research on how children develop food prefer-
ences, and this can guide interventions to address childhood obesity. Early in life,
food preferences are strongly biologically driven. Children are born with a pre-
disposition to prefer sweet tastes, dislike bitter and sour tastes, and they quickly
develop a preference for salty tastes.53,54 Further, there is evidence that children
prefer energy-dense foods, which are typically high in fat.55 The evolutionary
function of this preference makes sense, as the problem during most of human
history has been famine, not excess caloric intake. Our current culture compounds
the strength of these preferences by repeatedly associating sweet energy-dense
foods (e.g., cake, ice cream, cookies) with positive social situations and celebra-
tions, which can increase a child’s preference for those foods even further.

There is evidence, however, that children can learn to prefer the flavors that
are most familiar. Sullivan and Birch56 demonstrated that repeated exposure to a
novel food that was sweetened, salty, or plain led to increased acceptance of that
specific food. Further, at the end of the study, the children who were exposed to
the plain food preferred it over the sweet and salty foods, and vice versa. This
suggests that it is important for parents and others who feed children not to fall
into the trap of sweetening foods (such as breakfast cereals) simply to gain imme-
diate acceptance of that food — children will learn to prefer the unsweetened
version of foods if they are continually exposed to them. Children are also reluc-
tant to try new foods, unless those foods are so biologically appealing (i.e., sweet)
that it overrides their neophobia.57 Birch and colleagues58 have demonstrated that
approximately ten exposures of tasting food are adequate to establish acceptance
in infants. This is an important message to share with parents, as some may not
realize that rejection of new foods is an adaptive process, and successful food
acceptance takes time. Parents should be encouraged to routinely give their chil-
dren opportunities to taste new foods and foster an environment where noone is
forced to eat anything, but “giving things a try” is expected.

Another important message to share with parents is to exercise caution when
using food as a reward for good behavior. One study has found that children will
increase their preference for foods that have been used as a reward,59 and another
retrospective study of adults found that people who recalled food being used as a
reward, or withheld as a punishment, were more likely to struggle as adults with
dietary restraint and binge eating.60 Children are generally quite flexible, and will
respond to all types of nonfood rewards, such as small toys, stickers, and the
opportunity to spend time and play with a parent. Whenever possible, it is useful
for the reward to be a natural outcome of the desired behavior. For example, if the
child is cooperative and helps do the dishes, the parents will then have time to sit
and play a game.
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DISCUSS SAFE WAYS TO RESTRICT FOOD SELECTION

One of the most controversial questions facing parents is whether or not to restrict
less healthful foods from their overweight children. On the one hand, there is the
“forbidden fruit” hypothesis — restrict a particular food and the child is going to
want that food even more. There is a body of research that suggests that children
will eat more when they believe their parents are not watching, and specifically,
girls whose mothers restrict access to certain foods will eat more when given free
access to those foods.61–63 These authors suggest that when parents restrict access
to high-sugar and high-fat foods, they may paradoxically increase their child’s
consumption of those foods when they are not around.

This interpretation assumes that the parents began restricting the foods, and
the children’s difficult self-regulation around those foods was a consequence.
An alternative explanation is that there are children who innately have difficulty
self-regulating their intake, and their parents’ restrictive behavior is in response
to that child’s characteristic. There is support for this hypothesis in a study of
mothers who have one overweight child and one lean child. They do not report
different feeding practices for the two children; however, they do feel their
overweight child has greater intake and more difficulty self-regulating than their
slimmer child.64

In terms of what to recommend to parents, there is clinical support for the
“out of sight, out of mind” position. A strategy called stimulus control is a stan-
dard component of every behavioral treatment for obesity and entails keeping
the foods you do not want to eat out of your environment. Parents of overweight
children sometimes report arguing with their children about how much of a cer-
tain food they should eat, or finding out their child is “sneaking” foods. The best
way to handle this situation may be to prevent it and keep unhealthful foods out
of the house entirely. The child can then make unrestricted food choices and still
choose healthy food.

REDUCE ADVERTISING

One reaction to the rise in childhood obesity is to put more resources into edu-
cating parents and children so that concerns about health sway eating decisions
away from the easy, convenient, and inexpensive options. The challenge is that
any education campaign, such as the National Cancer Institute’s “5 A Day” pro-
gram or the Small Step program from the government’s Department of Health
and Human Services (www.smallstep.gov), is competing against the advertising
messages from the food industry. An analysis of 1997 advertising dollars found
that nearly seven times as much money was spent advertising confectionary and
snacks (i.e., candy, gum, mints, cookies, crackers, nuts, chips, and other salty
snacks) than was spent advertising fruits, vegetables, grains, and beans.65 In that
year, the USDA spent $333 million on nutrition education, while the food indus-
try spent $7 billion promoting primarily unhealthy foods.65
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Advertising to children has exploded in the past few decades, and concerns
about this go beyond unhealthful foods.66 Nonetheless, food is among the most
commonly advertised products to children. It is estimated that the average child
sees 10,000 food advertisements per year on television alone, and 95% of those
are for candy, soft drinks, sugared cereals, and fast food.51 From the parents’ per-
spective, it means 9500 messages per year crafted specifically to make children
want the very foods they need to limit. Even a parent who eats three meals a day,
365 days a year, with his or her child only has the opportunity to give 1095 com-
peting nutritional messages. The food industry has a 9:1 lead. Further, parents’
messages are far less attention grabbing, as they do not have movie tie-ins,
favorite TV characters, and celebrities available to reinforce them.

LIMIT TELEVISION TIME

Limiting television time has many benefits. First, it limits children’s exposure to
advertisements for unhealthful foods. Second, it is a completely sedentary activity.
There is strong research evidence suggesting a link between the number of hours
a child watches television and the risk of obesity, and reducing time in front of
the television has been shown to have a beneficial impact.67 Parents should limit
television watching to no more than 1 h per day and make sure there is not a tele-
vision in the child’s bedroom. The rule needs to apply to the family. For example,
all children should have their TV limited, not just the overweight child.

EAT FAMILY MEALS

Having meals as a family — not in front of the television — is highly recom-
mended for several reasons. First, recent research found that adolescent girls who
reported having frequent and pleasant family meals were less likely to engage in
disordered eating.68 Second, other research suggests that the meals children eat at
home are healthier than the meals they eat at school, restaurants, or even other
people’s houses.69 Third, a recent study suggests that family dinners are associ-
ated with a greater intake of fruits and vegetables among adolescents.70 It is
difficult for many families to find the time to eat together regularly during the
week because of children’s activity schedule and parent work schedules; however,
physicians should strongly encourage parents to make it a priority to have meals
together as often as possible.

MAKE CHANGES AS A FAMILY

It is important that any decisions about what foods to serve or what foods to limit
are made for the entire family. Lean siblings may protest having potato chips or
cookies no longer part of the weekly grocery list; however, the parents must
explain that these changes are occurring for everyone’s health and well-being.
While childhood obesity is the reason that childhood nutrition is getting so

Childhood Obesity 263

DK6006_C015.qxd  11/15/2005  12:21 PM  Page 263



much national attention, it is important to remember that it is just as undesirable
for a thin child to eat a lunch of soda and ice cream as it is for an overweight child
to do so.

Children are more likely to eat foods that are served at home and their parents
are eating, and interestingly, they are also strongly influenced by what they see
their peers eating.71,72 This suggests that one of the most promising settings in
which to increase healthful food acceptance may be schools. The hypothesis that
children may be most likely to try new foods when they are introduced by peers
at school is an important one to test in future research.

KEEP SCHOOLS ACCOUNTABLE

Schools have become a battleground for issues linked to childhood obesity. In
many communities, the vending machine and soft drink industries are fighting to
maintain their presence in the schools and groups of parents, educators, and
health professionals work to exclude them. In some cities and states, legislation
has been proposed to change the foods available in schools. Another strategy
used by some school districts is sending home “BMI report cards” to parents of
overweight children, along with nutrition and health information.73 This strategy
is controversial, and its impact on weight has not been scientifically studied. It
is possible that this procedure could stigmatize obesity even further, and the
resources necessary for the program would be better spent improving the food
environment or promoting physical activity. Research on the effectiveness of
school interventions is needed, as legislators are eager to make changes.71 Health
professionals and parents have an important role to play in helping communities
address these issues and making policy changes on the local level.

ALLEVIATE CONCERNS ABOUT EATING DISORDERS

In addition to the health threats of childhood obesity, some are concerned that
limiting access of certain foods to children may increase the likelihood of eating
disorders. Popular press articles on childhood obesity in magazines such as
Newsweek contain warnings to parents that if they are insensitive in how they
talk with their child about losing weight, they risk creating “depression, anxiety,
or a life-threatening eating disorder.”74 Even an editorial in the New England
Journal of Medicine entitled “Losing weight — an ill-fated New Year’s resolu-
tion” stated that losing weight is difficult, sustaining weight loss is almost impos-
sible, and “the cure for obesity may be worse than the condition,” and “countless
numbers of our daughters and increasingly many of our sons are suffering immea-
surable torment in fruitless weight-loss schemes and scams, and some are losing
their lives.”75

This concern is based on a misunderstanding of the appropriate public health
messages. If the environment is improved so that healthful foods are readily avail-
able and unhealthful foods are out of sight, there is no reason to believe this will
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increase the likelihood of eating disorders. In fact, one could argue that the
current environment promotes eating disorders because we send mixed messages
to children; we glamorize an ultrathin body at the same time as we allow the food
industry to heavily market and surround children with unhealthful foods. We set
children up for the diet–binge cycle as they try to eat what is around them and
lose weight at the same time.

A closer examination of the research on the etiology of eating disorders
reveals that two of the best specific predictors of developing an eating disorder
are childhood obesity and parental criticism of shape and weight.76 This suggests
that efforts to prevent childhood obesity may also help prevent eating disorders.
Further, if part of the obesity prevention program also addresses stigma reduction,
this may prevent eating disorders as well. One key goal in communicating with
parents is to help them promote healthful behaviors, focus on well-being and
fitness, and de-emphasize appearance.

KEEP A PUBLIC HEALTH PERSPECTIVE

While physicians can help their patients by educating them and their families,
ultimately the locus of responsibility for childhood obesity needs to shift away
from individuals and toward those who make public policy. Just as we as a society
decided is was unacceptable for children to smoke on high school campuses, we
must now examine the impact of allowing marketing and sales of soft drinks and
snack foods in those same schools. The food industry has tried to frame the
debate by saying that noone can prove that soft drinks or particular snack foods
cause obesity, and therefore they are not the right target for change. This places
the burden of proof on the wrong side. Parents and teachers should not have to
prove something is harmful to get it out of schools — commercial industries
should have to prove their products are healthful in order to have access to our
children in schools.

SUMMARY

Clinicians can make a difference in childhood obesity. There are three critical
periods in a child’s development that have the largest impact on body composi-
tion. Clinicians may wish to concentrate efforts on obesity at that time. Genetic
and early environmental predisposition to obesity is not a sentence to be obese.
Lifestyle interventions have proven successful among two groups genetically
predisposed to obesity — those with Prader–Willi syndrome and Pima Indians.
Clinicians can diagnose and treat obesity-associated medical conditions, which
can have a dramatic effect on the child’s life-long health. Clinicians can incorpo-
rate behavioral interventions into their own treatment or refer patients for these
interventions. Strategic nutrition interventions described throughout this textbook
augment the treatment of obesity.
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SURGERY REDUCES WEIGHT

Surgery is an effective treatment for obesity. The Swedish Obese Subjects Study
(SOSS) followed 1268 obese persons for 10 years after nonrandom placement
into medical or surgical management. The medically-managed group experienced
a net weight gain of 1.6% in 10 years. In contrast, the surgical group receiving
gastric bypass surgery maintained a 25% weight reduction 10 years postsurgery,
and the groups receiving vertical banded gastroplasty and banding experienced
16.5 and 13.2% weight reduction, respectively.1 Similarly, data for the U.S.
Preventive Services Task Force indicates that surgical interventions sustain an
average 19 kg weight reduction over 10 years, in contrast to 2 and 4 kg weight
reductions for behavioral and pharmacologic interventions, respectively.2
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Obesity decreases life expectancy and surgery is successful in reducing
weight. Therefore, one might infer that weight reduction surgery extends life.
However, this has not yet been demonstrated. Mortality data from the SOSS and
other surgical databases may provide that link. Reasons to be cautious include the
following: First, surgery itself carries a mortality risk of 0.5 to 2%. Second,
surgery is associated with suboptimal levels of various nutrients even years later
and the nutrient deficiencies may exacerbate the underlying medical conditions.
Third, the surgery does not always achieve the stated goal of 50% of excess fat-
weight reduction in one year and some weight recidivism is common, thereby
minimizing the benefits of surgery. This chapter focuses on how strategic nutri-
tion can make surgery safer and more effective.

MECHANISMS BY WHICH SURGERY REDUCES WEIGHT

As humans we have a long evolutionary heritage of “derth” control — famine,
drought, illness, nutrient-specific deficiencies — and little experience in girth
control. Weight control is an evolutionarily ancient system, hardwired by
hundreds of thousands of generations of mammals before the newer cognitive rea-
soning centers of the brain existed. In summary, eating is largely a gut reaction.

The gut is precisely the target of weight loss surgery. Surgical interventions
have been traditionally classified as restrictive or malabsorptive. Restrictive pro-
cedures significantly restrict the size of the reconstructed stomach pouch and its
outlet lumen so that even with very little food, gut peptides such as neuropeptide
Y (NPY), cholecystokinin (CCK), ghrelin, and glucagons-like peptide 1 (GLP-1)
communicate the sensation of satiety to the hypothalamus and hindbrain.3 The
restrictive pouch also makes eating in excess result in nausea, vomiting, and
sometimes pain. Restrictive procedures include vertical banded gastroplasty,
adjustable banded gastroplasty, and roux-en y gastric bypass. Malabsorptive
procedures shorten and bypass much of the absorptive potential of the small intes-
tine, thereby decreasing the calories taken into the body. Malabsorptive proce-
dures include biliopancreatic diversion, roux-en y gastric bypass (both restrictive
and malabsorptive), and historically, jejuno-ileal bypass.

Since stomach sensation is partly controlled by stomach muscle tone, com-
pliance, and rate of emptying, an intra-gastric balloon has been used to alter gas-
tric motor function and storage capability.4 The balloon is inflated in the gastric
lumen for up to 6 months and can produce modest weight reduction.5 It is used to
treat early obesity and to reduce weight in the extremely obese prior to gastric
surgery. However, it has not gained widespread clinical acceptance.

Implantable gastric stimulation involves surgically inserting a pacemaker-like
device to slow gastric motility and thereby delay gastric emptying and create sati-
ety. The device has been clinically tested with results demonstrating relatively
low amounts of weight reduction, but concomitant improvements in hypertension
and gastroesophageal reflux disease.6,7 Both direct pyloric stimulation and antral
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stimulation have been shown to decrease CCK and other gut messengers
(Chapter 13).8,9 Since CCK is associated with vagal afferents, direct vagal stimu-
lation is being studied in animal models.

Since adipose tissue is an endocrine organ and abdominal visceral fat is
highly hormonally active, removing visceral fat during surgery may provide addi-
tional benefit. Intraoperative removal of the omentum, the fatty apron covering
the vital organs, may improve insulin sensitivity two- to threefold compared to
surgical interventions where the omentum was not removed.10 The efficacy of this
procedure has not been tested in controlled trials.

Editor’s Note

With more than 5 million Americans having extreme obesity and the growing
number of surgical interventions, clinicians of all specialties will care for patients
with surgically treated obesity.

The current criteria for bariatric surgery are largely based on body mass index
(BMI). Bariatric surgery is generally indicated in persons with a BMI of 40 or
greater, and a BMI of 35 with severe comorbid conditions.11 Exclusion criteria
include substance abuse, pregnancy, uncontrolled hyperphagia, and mental dis-
ability.11 Gastric balloon placement and antral pacing are less invasive forms of
bariatric surgery and may be considered when obesity is less severe. Associated
medical conditions in persons considering surgery as part of a comprehensive
obesity management plan are reviewed in Table 16.1.

METHODS BY WHICH NUTRITION CAN AUGMENT
OBESITY SURGERY

Dieticians counsel patients on dietary guidelines following bariatric surgery.31

Patients are advised to eat slowly, taking at least 20 min per meal and chewing
thoroughly. Hypohydration can occur following any of the procedures; patients
should ingest liquids between meals, rather than during meals. Eating protein
before carbohydrates and fats facilitates its ingestion and, hence, absorption. A
chewable vitamin/mineral supplement is recommended. Peri-surgical dietary rec-
ommendations are an introduction to the lifelong nutritional considerations posed
by obesity, weight reduction, and a surgically altered gastrointestinal tract.

Medical management, surgery, and nutrition are entwined. Table 28.3 in
Chapter 28, presents a framework of ten nutritional interventions for surgical
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TABLE 16.1
Conditions associated with extreme obesity and how those comorbidities
respond to surgery and nutritional adjunctive treatment

Comorbidity Effectiveness of surgery

Hepatic steatosis Highly effective; nonsurgical management with carbohydrate
reduction and nutrient supplementation also has demonstrated
effectiveness12,13

Sleep apnea and Highly effective; conditions increase surgical risk, therefore
obesity hypoventilation presurgical treatment with a gastric balloon may be
syndrome recommended; hypoventilation improves as intra-abdominal

pressure normalizes14

Type II diabetes Highly effective; omentectomy may provide additional benefit,10

as do numerous nutritional interventions
Pseudotumor cerebri Highly effective;15 dramatic improvement following surgery 

suggests etiology is linked to increased intra-abdominal
pressure14

Hypertriglyceridemia Highly effective; other components of lipid profile are less
responsive; low-carbohydrate diets and carnitine
supplementation may be adjunctive16,17

Urinary incontinence Highly effective; improves with normalizing intra-abdominal
pressure14

Hypertension Effective; improves with normalizing intra-abdominal pressure;14

improved or resolved in three-quarters of bariatric surgery
patients;18 nonsignificant improvement over controls;1

optimizing magnesium, alpha lipoic acid, arginine may
enhance effectiveness;19,20 hypertension increases risk of
perioperative mortality21

Obesity-related cardiomyopathy Effective; ventricular compliance improves with surgery22 and
adjunctive carnitine supplementation23,24

Degenerative joint disease Effective; improves with weight reduction; nutrition should be
optimized to minimize collagen loss; see Dr. Mischley’s
chapter on osteoarthritis

Infertility Effective; patients are discouraged from conceiving the first year
following surgery, because of undue risks to mother and
offspring;25 an adjustable band can allow for the additional
caloric needs during pregnancy and lactation; optimize
nutrients prior to conception

Proteinuria Effective; reduces proteinuria associated with increased
intra-abdominal pressure;14 alpha lipoic acid can reduce
damage from oxidative stress26

Polycystic ovary syndrome Effective at reducing free androgens, insulin, and neck
circumference27

Venous stasis disease Effective; improves as intra-abdominal pressure normalizes14

Gastroesophageal reflux Somewhat effective; restrictive procedures can exacerbate and
gastric pacing may benefit

Peripheral neuropathy Only effective to the extent that surgery improves diabetes;
surgery exacerbates, primarily due to malnutrition;28

antioxidants can ameliorate29

Gallstones Ineffective; exacerbated by weight reduction30
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patients. The current chapter applies these principles to bariatric surgery, especially
preoperatively and during the first postoperative year of rapid weight loss.

ANTIOXIDANTS

Endogenous need for antioxidants increases with the physiologic stress of
surgery. Obesity may place the body under additional inflammatory and oxidative
stress, as evidenced by the direct association between obesity and serum levels of
C-reactive protein.32 Exogenous antioxidants are limited by decreased total food
intake with consumption of fewer antioxidant-rich fresh fruits and vegetables.
Additionally, in surgery with a malabsorptive component, there is reduced
absorption of fat-soluble vitamins including the antioxidants beta-carotene,
vitamin E, coenzyme Q 10, alpha lipoic acid, and essential fats. Collagen break-
down associated with weight reduction may be exacerbated by suboptimal
vitamin C, which may occur due to increased demand.

In addition to a standard multivitamin prescribed postsurgically, patients may
wish to consider supplementing with antioxidant preparations. Various antioxi-
dants that may be of benefit include grape seed extract, olive leaf extract,
quercetin, and turmeric. The antioxidant nutrient alpha lipoic acid may become
conditionally essential following surgery, suggesting benefit in oral supplementa-
tion with 600 mg twice daily. Clinical trials have demonstrated alpha lipoic acid
to be effective in conditions associated with oxidative stress such as diabetic
neuropathy, nephropathy, hypertension, and hepatitis.28,29 Alpha lipoic acid may
also be of benefit in averting cardiac and skeletal muscle breakdown. Vitamin C
should be optimized. A home urine assay for vitamin C status is described in
Chapter 25.

ALKALINIZING FOODS

While the postsurgical diet tends to be low in highly alkalinizing (Chapter 25)
whole fruits and vegetables, it is beneficially low in highly acidifying simple
sugars, which can cause dumping syndrome. Dumping syndrome occurs when
sugar passes rapidly through the stomach and is dumped into the jejunum, creating
an osmotic load. Water is drawn from the vasculature to the intestine, leading
to bowel distention, cramping, diarrhea, and hypovolemia. Insulin levels may
become disproportionate to the available glucose, creating symptoms of hypo-
glycemia in some patients. 

AMINO ACIDS

As discussed in the chapters on protein and sarcopenia, adequate dietary protein
is needed to spare muscle particularly during the active phase of post-operative
weight loss. The proportion of lean muscle mass lost with weight reduction is
proportionately equal between those receiving medication and undergoing
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surgery for weight control purposes. However, the total amount of weight lost
following surgery is significantly more, and loss of skeletal muscle and cardiac
muscle is measurable on imaging studies.33

BONE NUTRIENTS

Obesity has been thought to be protective of bone density because of the estro-
genic effect of adipose tissue and the day-to-day weight-bearing exercise that
obesity imposes. The low threshold for suspicion can delay diagnosis of low bone
mineral density, which can be associated with bariatric surgery. Calcium absorp-
tion is decreased in restrictive procedures because of increased gastric transit
time, and in malabsorptive procedures because of the exclusion of the duodenum.
Bariatric surgery decreases absorption of several other bone-building nutrients.
Weight reduction without surgery also leads to bone loss in postmenopausal
women, in which case calcium supplementation is only partially protective.34

Therefore, a more comprehensive approach to bone health as outlined by Dr. Brown
in Chapter 25 is recommended.

BIOTICS

Bariatric surgery presents additional reasons to administer probiotics. Healthy
flora synthesize vitamins and curb the effects of invasive organisms. The role of
microorganisms in carbohydrate digestion is currently under investigation for
potential weight-reduction benefits.35

Another advantage of probiotics is their ability to metabolize lactose.
Probiotics in yogurt contain the enzyme lactase. Yogurt can therefore be digested
by many persons who otherwise experience lactose intolerance following bariatric
surgery. Consumption of organic low-fat yogurt has also been shown to improve
body composition.36,37

CORRECT DEFICIENCIES

Treatment for the period of weight reduction should minimize the consequences of
intended calorie restriction. Several symptoms commonly experienced with sig-
nificant weight reduction resemble the consequences of malnutrition outlined in
Chapter 17: Alopecia, dry skin, osteopenia, loss of lean tissue including cardiac
muscle, edema, thiamine deficiency, electrolyte disturbances, mineral imbalances,
risk of refeeding syndrome (with total parenteral nutrition [TPN]), decrease
(normalization in this case) in estrogen, and hepatic steatosis associated with
carbohydrate intake.

B vitamin status is compromised. Table 28.4 of Chapter 28 outlines common
medications that can contribute to B vitamin deficiencies. Thiamine deficiency is
associated with malnutrition in general and is exacerbated by vomiting, that may
occur following restrictive bariatric surgery. Vitamin B12 absorption is also
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diminished in restrictive procedures because the vitamin does not separate from
protein foods and adequate intrinsic factor is not present for absorption. Folate
deficiency results from inadequate dietary intake and some reduction in absorp-
tion in malabsorptive bariatric surgery.

Treating symptoms of B vitamin deficiency is a late-stage intervention.
Preemptive B vitamin supplementation is the current standard of care for several
reasons. B vitamins are cofactors in energy metabolism. Suboptimal amounts
may increase catabolism and patients may feel unnecessarily tired. Adequate
dosages of several B vitamins lower the cardiovascular disease risk factor homo-
cysteine. In addition to its other attributes, folate supplementation can prevent
congenital birth defects; up to 80% of patients having bariatric surgery are
women of child-bearing age.11 B12 deficiency can lead to irreversible nerve
damage, and may do so more rapidly than the classical reports of this deficiency
that usually takes years to develop in non-weight loss surgery patients. Peripheral
neuropathy is common following bariatric surgery and most cases have been
attributed to malnutrition.28 B12 supplemented by mouth at 350 �g/d is generally
adequate to maintain serum cobalamine levels; however, serum cobalamine
levels should be measured.38 Some persons may need parenteral administration.
Forty-one percent of women in one study reported not taking a multivitamin long-
term postbariatric surgery.25 The literature documents that an exclusively breast-
fed infant had B12 deficiency, and the mother who had undergone gastric bypass
was asymptomatic.39

Magnesium is essential to fat metabolism (Chapter 4) and should be opti-
mized; hypomagnesemia is common in the postoperative period. Since both
dietary intake of magnesium-rich foods and absorption of magnesium decrease
following bariatric surgery, suboptimal magnesium levels are likely to continue.
In Chapter 9 Dr. Burford-Mason describes how persistent thiamine deficiency
observed following bariatric surgery may be responsive to magnesium. The SOSS
determined that the improvement in blood pressure 10 years after bariatric
surgery was not statistically different from blood pressure in the nonsurgically
treated controls in whom weight reduction was not retained.1 In the same cohort,
2 years postsurgery, hypertension was significantly lower than in controls.40 This
prompts an interesting question of whether insidious nutrient deficiencies more
prevalent among the surgical patients may counteract the beneficial effects of
weight reduction on hypertension many years later. Low magnesium could be a
contributing factor.

The daily multiple vitamin prescribed following bariatric surgery contains
iron at the level generally required to maintain iron stores. In menstruating
women and patients with anemia despite vitamin supplementation, additional
iron supplementation is recommended. However, this practice fails to consider
three important concerns. In persons homozygous or even heterozygous for
hemochromatosis, the iron in the multiple vitamin is probably excessive and
can have untoward metabolic effects. Iron causes gastrointestinal symptoms
and may reduce adherence to a supplement regiment.25 Iron supplementation
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further reduces chromium stores through competitive absorption. The association
between chromium deficiency and muscle atrophy is explained in detail by
Dr. Anderson (Chapter 11). Zinc deficiency has adverse metabolic effects on
several pathways including inflammation and metabolism of fatty acids. Given
these considerations, an assessment of mineral stores such as the provoked urine
test described by Dr. Jaffe (Chapter 29) is appropriate for guiding mineral
supplementation.

Along with suboptimal zinc and protein, essential fatty acid deficiency con-
tributes to the copious hair loss that ensues 3 to 6 months following surgery.30

Avoidance of trans fats and supplementation with the appropriate omega-3 and
omega-6 fats described in Chapter 4 have been shown to improve fat metabolism
and reduce hair loss, inflammation, risk of gallstones, and peripheral neuropa-
thy.30,41,42 Patients undergoing bariatric surgery are also at lifelong risk of fat-
soluble vitamin deficiencies and benefit from annual screening.30

COMORBIDITIES

The U.S. Department of Agriculture Human Nutrition Research Center reports,
“Obesity-related diseases are often undiagnosed before weight loss surgery,
putting patients at increased risk for complications and/or early mortality.”43

Diagnosis and management are also important postsurgically, since weight recidi-
vism is associated with the recurrence of comorbid conditions. For example,
sleep apnea, which resolved following bariatric surgery, can unpredictably recur
as weight returns. Sleep apnea contributes to insulin resistance and weight regain.
Medical history can help intercept the sleep apnea–weight recidivism cycle.
Table 16.1 reviews comorbidities of obesity and the efficacy of bariatric surgery
in treating the conditions. Strategic nutrients of demonstrated benefit are also
described in Table 16.1.

The macronutrient ratio most suitable for weight reduction is a popular
discussion topic. While low-fat and low-carbohydrate diets appear similarly effec-
tive for the population at large, specific considerations can be made for the
extremely obese.16 Nonalcoholic fatty liver disease is associated with the metabolic
syndrome and is common among bariatric surgical candidates. Solga and associates
conducted a study to assess the effect of diet composition on liver histology prior to
bariatric surgery.12 High carbohydrate intake and low fat intake were associated
with inflammation on intraoperative liver biopsy. The study supports advice that
among the extremely obese, a low-fat diet is unnecessary and may even be ill
advised.44,45 The observation is consistent with physiologic shifts during food
restriction and is clinically observed in refeeding following malnutrition. A low-
carbohydrate diet has been shown to improve lipid profiles, especially triglyceride
reduction, during nonsurgical weight loss.16 The diminished absorption of fat and
protein following surgery and the potential for dumping syndrome with carbohy-
drate ingestion are additional reasons to favor a low-carbohydrate diet.
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CARNITINE

Carnitine supplemented at 2 grams daily has been demonstrated to have protein
sparing effects on both cardiac and skeletal muscle.23,24,46 Furthermore, it has been
shown to improve endothelial dysfunction in obese individuals.47 Since demands
for carnitine increase disproportionately during pregnancy and lactation, carnitine
supplementation would appear wise for women considering pregnancy following
bariatric surgery.

DETOXIFICATION

Obese persons undergoing weight reduction are thought to be at elevated risk of
persistent organic pollutant and heavy metal exposures. Toxins are lost through
sweat and the obese have diminished sweat response. Organic pollutants are fat-
soluble compounds stored preferentially in the adipose tissue. When fat stores are
mobilized with weight reduction, the organic pollutants are also released into the
circulation. Iron deficiency, which is common following bariatric surgery, has
been shown to increase the absorption of heavy metal toxins. The presence of
heavy metals can be assayed by the provoked urine test outlined by Dr. Jaffe in
Chapter 29.

DEHYDROEPIANDROSTERONE AND SEX STEROIDS

Obtaining sex steroid profiles in persons with a history of bariatric surgery can
identify persistent polycystic ovary syndrome and hormones below age-appropriate
levels. Since adipose is an endocrine organ that modulates sex hormones and their
ratios, hormone levels are expected to change with weight loss. Whether the lean-
tissue sparing benefit of dehydroepiandrosterone (DHEA) applies to obesity as
well as frailty has not been established. Therefore, DHEA could only be recom-
mended to normalize low serum levels or low tissue levels measured by saliva
testing.

Using serum and salivary testing to identify and then correct sex hormone
imbalances is a potential adjunct to surgical management not yet studied in asso-
ciation with bariatric surgery. What has been demonstrated is that hormonal con-
traception can create hormonal imbalances, which can impair weight reduction
following surgery. Hormonal contraception can alter food selection48 and some
formulations increase the risk of weight gain.49 Hormonal contraception and
obesity both increase the risk of thromboembolism and certain neoplasms.50

Furthermore, effectiveness rates of hormonal contraception decrease with obesity.
Women seeking reversible contraception following bariatric surgery should be
recommended barrier methods or intrauterine contraceptive devices instead of
hormonal contraception.
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SUMMARY

When a person has been medically qualified for bariatric surgery for at least
one year, an individualized weight management plan should include strategic
nutrition, tight medical management, and a surgical intervention. More data
are needed on treatment interventions for adolescents. The increasing array of
surgeries makes selecting the most appropriate procedure very important and
the patient can benefit from primary care provider guidance. Both former
obesity and surgical treatment of obesity require lifelong medical considera-
tions where nutrients and dietary modifications can be effective adjunctive
treatment.

REFERENCES

1. Sjostrom, L. et al., Lifestyle, diabetes, and cardiovascular risk factors 10 years after
bariatric surgery, N. Engl. J. Med., 351, 2683–2693, 2004.

2. McTigue, K.M. et al., Screening and interventions for obesity in adults: summary of
the evidence for the U.S. preventive services task force, Ann. Intern. Med., 139,
933–949, 2003.

3. Badman, M.K. and Flier, J.S., The gut and energy balance: visceral allies in the
obesity wars, Science, 307, 1909–1914, 2005.

4. Park, M.I. and Camilleri, M., Gastric motor and sensory functions in obesity, Obes.
Res., 13, 491–500, 2005.

5. Al-Momen, A. and El-Mogy, I., Intragastric balloon for obesity: a retrospective
evaluation of tolerance and efficacy, Obes. Surg., 15, 101–105, 2005.

6. Shikora, S.A., Implantable gastric stimulation for the treatment of severe obesity,
Obes. Surg., 14, 545–548, 2004.

7. Cigaina, V., Long-term follow-up of gastric stimulation for obesity: the Mestre
8-year experience, Obes. Surg., 14 (Suppl. 1), S14–S22, 2004.

8. Xu, X., Zhu, H., and Chen, J.D., Pyloric electrical stimulation reduces food intake
by inhibiting gastric motility in dogs, Gastroenterology, 128, 43–50, 2005.

9. Cigaina, V. and Hirschberg, A.L., Gastric pacing for morbid obesity: plasma levels of
gastrointestinal peptides and leptin, Obes. Res., 11, 1456–1462, 2003.

10. Thorne, A. et al., A pilot study of long-term effects of a novel obesity treatment:
omentectomy in connection with adjustable gastric banding, Int. J. Obes. Relat.
Metab. Disord., 26, 193–199, 2002.

11. National Institutes of Health, Gastrointestinal surgery for severe obesity, Consens
Statement, 9, 1–20, 1991.

12. Solga, S. et al., Dietary composition and nonalcoholic fatty liver disease, Dig. Dis.
Sci., 49, 1578–1583, 2004.

13. Sachan, D.S., Rhew, T.H., and Ruark, R.A., Ameliorating effects of carnitine and its
precursors on alcohol-induced fatty liver, Am. J. Clin. Nutr., 39, 738–744, 1984.

14. Sugerman, H.J., Effects of increased intra-abdominal pressure in severe obesity,
Surg. Clin. North Am., 81, vi, 1063–1075, 2001.

15. Sugerman, H.J. et al., Gastric surgery for pseudotumor cerebri associated with severe
obesity, Ann. Surg., 229, 634–640, discussion 640–642, 1999.

280 Scientific Evidence for Musculoskeletal, Bariatric, and Sports Nutrition

DK6006_C016.qxd  11/15/2005  12:21 PM  Page 280



16. Stern, L. et al., The effects of low-carbohydrate versus conventional weight loss diets
in severely obese adults: one-year follow-up of a randomized trial, Ann. Intern. Med.,
140, 778–785, 2004.

17. Digiesi, V. et al., L-Carnitine adjuvant therapy in essential hypertension, Clin. Ter.,
144, 391–395, 1994.

18. Buchwald, H. et al., Bariatric surgery: a systematic review and meta-analysis, J. Am.
Med. Assoc., 292, 1724–1737, 2004.

19. Boger, R.H. and Ron, E.S. L-Arginine improves vascular function by overcoming
deleterious effects of ADMA, a novel cardiovascular risk factor, Altern. Med. Rev.,
10, 14–23, 2005.

20. Midaoui, A.E. et al., Lipoic acid prevents hypertension, hyperglycemia, and the
increase in heart mitochondrial superoxide production, Am. J. Hypertens., 16,
173–179, 2003.

21. Fernandez, A.Z., Jr. et al., Multivariate analysis of risk factors for death following
gastric bypass for treatment of morbid obesity, Ann. Surg., 239, 698–702, discussion
702–703, 2004.

22. Alaud-din, A. et al., Assessment of cardiac function in patients who were morbidly
obese, Surgery, 108, 809–818, discussion 818–820, 1990.

23. Gurlek, A. et al., The effects of L-carnitine treatment on left ventricular function and
erythrocyte superoxide dismutase activity in patients with ischemic cardiomyopathy,
Eur. J. Heart Fail., 2, 189–193, 2000.

24. Rizos, I., Three-year survival of patients with heart failure caused by dilated car-
diomyopathy and L-carnitine administration, Am. Heart J., 139, S120–S123, 2000.

25. Woodard, C.B., Pregnancy following bariatric surgery, J. Perinat. Neonatal Nurs.,
18, 329–340, 2004.

26. Borcea, V. et al., alpha-Lipoic acid decreases oxidative stress even in diabetic patients
with poor glycemic control and albuminuria, Free Radic. Biol. Med., 26, 1495–1500,
1999.

27. Dixon, J.B. and O’Brien, P.E., Neck circumference a good predictor of raised insulin
and free androgen index in obese premenopausal women: changes with weight loss.
Clin. Endocrinol. (Oxf.), 57, 769–778, 2002.

28. Thaisetthawatkul, P. et al., A controlled study of peripheral neuropathy after bariatric
surgery, Neurology, 63, 1462–1470, 2004.

29. Tankova, T., Koev, D., and Dakovska, L., Alpha-lipoic acid in the treatment of auto-
nomic diabetic neuropathy (controlled, randomized, open-label study), Rom. J.
Intern. Med., 42 , 457–464, 2004.

30. Fujioka, K., Follow-up of nutritional and metabolic problems after bariatric surgery,
Diabetes Care, 28, 481–484, 2005.

31. Marcason, W., What are the dietary guidelines following bariatric surgery? J. Am.
Diet Assoc., 104, 487–488, 2004.

32. Visser, M. et al., Elevated C-reactive protein levels in overweight and obese adults,
J. Am Med. Assoc., 282, 2131–2135, 1999.

33. Gahtan, V. et al., Body composition and source of weight loss after bariatric surgery,
Obes. Surg., 7, 184–188, 1997.

34. Riedt, C.S. et al., Overweight postmenopausal women lose bone with moderate
weight reduction and 1 g/day calcium intake, J Bone Miner. Res., 20, 455–63, 2005.

35. Backhed, F. et al., Host-bacterial mutualism in the human intestine, Science, 307,
1915–1920, 2005.

Bariatric Surgery: More Effective with Nutrition 281

DK6006_C016.qxd  11/15/2005  12:21 PM  Page 281



36. Zemel, M.B., Calcium and dairy modulation of obesity risk, Obes. Res., 13,
192–193, 2005.

37. Zemel, M.B. et al., Dairy augmentation of total and central fat loss in obese subjects,
Int. J. Obes. Relat. Metab. Disord., 29, 391–397, 2005.

38. Alvarez-Leite, J.I., Nutrient deficiencies secondary to bariatric surgery, Curr. Opin.
Clin. Nutr. Metab. Care, 7, 569–575, 2004.

39. Grange, D.K. and Finlay, J.L., Nutritional vitamin B12 deficiency in a breastfed
infant following maternal gastric bypass, Pediatr. Hematol. Oncol., 11, 311–318,
1994.

40. Sjostrom, C.D. et al., Reduction in incidence of diabetes, hypertension and lipid
disturbances after intentional weight loss induced by bariatric surgery: the SOS
intervention study, Obes. Res., 7, 477–484, 1999.

41. Bralley, J.A. and Lord, R.S., Laboratory Evaluations in Molecular Medicine, The
Institute for Advances in Molecular Medicine, Norcross, GA, 2001, p. 365.

42. Xu, H. et al., Chronic inflammation in fat plays a crucial role in the development of
obesity-related insulin resistance, J. Clin. Invest., 112, 1821–1830, 2003.

43. Saltzman, E. et al., Criteria for patient selection and multidisciplinary evaluation and
treatment of the weight loss surgery patient, Obes. Res., 13, 234–243, 2005.

44. Willett, W.C. and Leibel, R.L., Dietary fat is not a major determinant of body fat,
Am. J. Med., 113 (Suppl. 9B), 47S–59S, 2002.

45. Gifford, K.D., Dietary fats, eating guides, and public policy: history, critique, and
recommendations, Am. J. Med., 113 (Suppl. 9B), 89S–106S, 2002.

46. Wutzke, K.D. and Lorenz, H., The effect of L-carnitine on fat oxidation, protein
turnover, and body composition in slightly overweight subjects, Metabolism, 53,
1002–1006, 2004.

47. Shankar, S.S. et al., L-Carnitine may attenuate free fatty acid-induced endothelial
dysfunction, Ann. N. Y. Acad. Sci., 1033, 189–197, 2004.

48. Eck, L.H. et al., Differences in macronutrient selections in users and nonusers of an
oral contraceptive, Am. J. Clin. Nutr., 65, 419–424, 1997.

49. Physicians’ Desk Reference, 2005.
50. Burkman, R., Schlesselman, J.J., and Zieman, M., Safety concerns and health

benefits associated with oral contraception, Am. J. Obstet. Gynecol., 190 (Suppl. 4),
S5–S22, 2004.

282 Scientific Evidence for Musculoskeletal, Bariatric, and Sports Nutrition

DK6006_C016.qxd  11/15/2005  12:21 PM  Page 282



CONTENTS

Physiology of Food Restriction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 284
Clinical Findings Associated with Food Restriction  . . . . . . . . . . . . . . . . . . 285
Clinical Applications  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 288

Assess for Malnutrition  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 288
Treat Electrolyte and Nutritional Imbalances  . . . . . . . . . . . . . . . . . . . . 289
Take Steps to Prevent Refeeding Syndrome  . . . . . . . . . . . . . . . . . . . . . 290
Monitor Laboratory Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 291

Abnormal Fluid Balance  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 292
Altered Glucose Metabolism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 292
Vitamin B1 (Thiamine) Deficiency  . . . . . . . . . . . . . . . . . . . . . . . . 292
Hypophosphatemia  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 292
Hypomagnesemia  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 293
Hypokalemia  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 294
Hypocalcemia  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 294
Hepatic Steatosis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 294

Establish Guidelines  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 294
Treat Related Musculoskeletal Conditions  . . . . . . . . . . . . . . . . . . . . . . 295

The Malnutrition–Obesity Connection  . . . . . . . . . . . . . . . . . . . . . 295
Loss of Lean Tissue  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 296

Life-long Osteoporosis Risk  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 296
Malnutrition Can Affect the Next Generation  . . . . . . . . . . . . . . . . . . . . . . . 297
References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 298

Malnutrition: Applying
the Physiology of Food
Restriction to Clinical
Practice

Altoon S. Dweck, M.D., M.P.H.

17

283

DK6006_C017.qxd  11/15/2005  12:21 PM  Page 283



PHYSIOLOGY OF FOOD RESTRICTION

Starvation is the result of a serious or total lack of nutrients needed for the main-
tenance of life.1 The physiology of starvation is the same whether the cause is
anorexia nervosa, cancer, hunger strike, famine, severe gastrointestinal disease, or
being a refugee. In order to combat malnutrition, the body breaks down its own
fat stores and eventually its own tissue. This destructive process affects both the
structure and function of the body and causes a variety of symptoms. The body
adapts to starvation in an attempt to survive with a complex series of metabolic
alterations to decrease metabolic rate, maintain glucose homeostasis, conserve
body nitrogen, and increase the use of adipose tissue triglycerides to meet energy
needs.

The body prioritizes utilization of energy differently in the fed state compared
to the fasting or starvation states. In the normal fed state, the body utilizes energy
first to meet the need for immediate metabolism. Once those requirements are
met, energy is used to expand liver and muscle glycogen reserves and to replace
muscle protein. Finally, as the last priority, the body converts excess energy into
triglyceride and stores the calories in adipose tissue.2 In the normal anabolic state,
the glycogen turnover rate is high at approximately 50% per day, the protein
replacement rate is low at less than 2% of body stores, and fat stores replacement
rate is even lower at 0.3% per day.3

Conversely, in starvation, the priorities are reversed. The body shifts from an
anabolic state to a catabolic state and lipolysis replaces gluconeogenesis (see
Figure 17.1). The body undergoes many changes to catabolize adipose tissue and
muscle to make ketones and free fatty acids available as an energy source so that
ketone bodies and free fatty acids can be used to replace glucose as the major
energy source. Catabolism of fat and muscle results in a loss of lean muscle mass,
water and minerals, and intracellular loss of electrolytes.

The initial response to starvation involves breaking down glycogen and pro-
tein to provide glucose as the major energy fuel. At the metabolic level, a decrease
in plasma insulin, a rise in plasma catecholamines, and an increase in lipolytic
sensitivity to catecholamines occurs and stimulates mobilization of fatty acids
from adipose tissue. As insulin decreases and glucagon increases, gluconeogenesis
accelerates with a rapid conversion of glycogen stores into glucose.

During the early stage of starvation, protein stores are utilized as energy, with
ketoacids serving as the major muscle and brain fuel. Muscle mass decreases in a
linear fashion with the severity and duration of fasting. This loss of protein tissue
slows metabolism, thereby decreasing energy requirements. With continued star-
vation, the body relies more on adipose tissue which decreases at a slower rate
resulting most likely because of the high energy density of fat. After 2 to 3 days
of fasting, adipose tissue provides more than 90% of the daily energy require-
ments, saving the ketoacids for the brain.3 The proportion of energy mobilized
from protein is dependent upon the percentage of body fat. People with high body
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fat stores exhibit a blunted increase in lipolysis and mobilize less energy from
protein to conserve muscle protein.4

The switch to using ketone bodies as fuel for the brain is controlled by the
concentration of ketone bodies in the blood rather than a direct hormonal effect
on the brain. Cahill and Owens demonstrated that the human brain can derive
energy from storage fat allowing starving, normal-weight individuals to survive
for up to 2–2.5 months and obese individuals to survive up to a year.5 During the
initial phases of starvation, the body utilizes fat stored as adipose tissue to obtain
energy. As starvation progresses, the body resorts to using fat contained in the vis-
ceral organs. Because visceral fat is involved in essential functions, organ failure
is associated with later stages of starvation.

The body adapts to undernourishment by decreasing the basal metabolic rate
(BMR) as much as 20 to 25% in order to conserve energy for survival.6 The exact
mechanisms involved in downregulating the BMR have yet to be elucidated but
the process is thought to be multifactorial and may be caused by the decrease in
thyroid hormone secretion as well as the loss of lean body mass. This is evidenced
by the fact that the amount of weight and fat-free mass lost during starvation
influences the degree of BMR reduction.2,7 Data from patients with anorexia
nervosa show that the decrease in the resting energy expenditure (REE) is pro-
portional to the loss of lean body mass. A relative reduction in oxygen consump-
tion and energy expenditure are additional adaptations to the low energy state of
undernourishment.

CLINICAL FINDINGS ASSOCIATED
WITH FOOD RESTRICTION

Physical exam reflects the physiology described earlier. On vital sign assessment,
hypotension, bradycardia, and hypothermia are often seen in patients with
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extremely low weight.8 Malnourished patients tend to have body temperatures
below normal. Data from World War II and from patients with anorexia nervosa
document temperatures below 33�C and even as low as 27�C in those exposed to
severe cold.8,9

Anthropometric measurements such as weight and triceps skin-fold may be
below normal. However, if the malnutrition has been chronic allowing the body
to adapt, specific measures such as albumin, transferrin, and muscle mass may be
within normal limits. Also note that obesity may mask food deprivation.

Malnutrition may cause depletion of skin, protein, and collagen, causing the
skin to become dry, thin and wrinkled. Scalp hair becomes thin, sparse and easy to
pull out. In women with anorexia nervosa, Savvas et al. documented thin skin
with reduced collagen content that bruises easily.6,9 These changes are similar to
the changes that occur in postmenopausal women and are thought to be due to a
common etiology of estrogen deficiency, as estrogen seems to have a direct effect
on collagen metabolism.6 Skin conditions can be exacerbated by micronutrient
deficiency, particularly vitamin C.

Even though many malnourished patients are intravascularly volume depleted
due to inadequate water and sodium intake, edema is often noted and usually
manifested in the lower extremities. Total body water is usually greater in
malnourished individuals and may be increased by as much as 20 to 25% with
total body water levels reaching 89% of body weight in some cases.10 The
water accumulation and swelling are mostly due to dysfunction of the enzyme
Na–K-ATPase, hypoalbuminemia, and a fall in plasma osmotic pressure.10

Often there is a reduction in muscle mass causing weakness. Both the loss
of muscle mass and impaired metabolism decrease muscle function. A metabolic
myopathy, resulting in impaired muscle function, has been documented in patients
with severe malnutrition. Decreased sodium pump activity results in an increase
in intracellular sodium and a decrease in intracellular potassium. This affects
myocyte electrical potential and contributes to fatigue.

Additionally, the heart, lungs, ovaries, and testes, and their functions can be
affected. However, the integrity of the brain is preserved at the expense of all
other organs, and tissues and the brain and spinal cord lose very little weight and
protein content. Even in Keys et al.’s experiment on starvation, the neurological
changes were minimal with a diminution of the response of the tendon reflexes
being the most common finding.11 Cardiac muscle mass decreases and there is
fragmentation of the myofibrils. Bradycardia, even as low as 40 beats per minute,
and decreased stroke volume can cause a decrease in cardiac output and low
blood pressure.3 EKG changes may include decreased amplitude of all deflections
(P wave, QRS, complex, T wave) and marked right axis shift of the QRS axis and
T axis.11 There is a decrease in vital capacity, tidal volume, minute ventilation,
and diminished respiratory muscle function. This could lead to air trapping
and lung hyperinflation, thereby causing a deterioration in respiratory defense
mechanisms.
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A malnutrition–infection synergy has been described since malnutrition is
thought to suppress critical immune functions rendering patients immuno-
compromised. Malnourished patients often have a loss of resistance to infection
along with poor wound healing. In addition, there is atrophy of all lymphoid
tissues, including the thymus, tonsils, and lymph nodes.

Malnutrition results in growth retardation in children, which is generally
classified as wasting, stunting, and underweight. These anthropometric parameters
place children at increased risk of having diarrhea and acute respiratory infections.12

Because of the decreased ability to digest and absorb food, patients may expe-
rience chronic diarrhea. Starvation causes structural and functional disturbances
of the intestinal tract, pancreas and liver that limit the gastrointestinal tract’s abil-
ity to digest and absorb food. The changes include mucosal atrophy with disap-
pearance of the villous structure, reduced synthesis of mucosal and pancreatic
digestive enzyme, decreased gastric and biliary secretions, and reduced total mass
and protein content of the intestinal mucosa and pancreas. Most of these adverse
effects disappear within 1 to 2 weeks of refeeding.

There are many laboratory parameters which are altered during food restric-
tion. Anemia may be the first sign of malnutrition in adults, resulting from sup-
pression of red blood cell production.

A number of endocrine abnormalities, including anovulation, elevated growth
hormone, elevated cortisol levels, and low thyroxine levels, have been documented
in starvation. These changes result from upregulation in the hypothalamic–
pituatry–adrenal axis; however, the reason this occurs is unknown.13 With weight
recovery, all of these endocrine abnormalities resolve.

Anovulation has been documented in patients undernourished due to war,
famine, and anorexia nervosa. Anovulation is a screening tool for anorexia among
female athletes. At low body weight, circulating levels of luteinizing hormone
(LH) are depressed, probably due to inadequate stimulation of the pituitary
gonadotrophins. While the exact mechanism of anovulation is unknown, a thresh-
old level of approximately 80% of standard body weight (the average weight
of individuals of the same age, sex, and height) is thought to be necessary for
normal release of gonadotropin-releasing hormone.8,14

Elevated levels of growth hormone (GH) and plasma cortisol are frequently
described in malnourished patients. Data from patients with anorexia nervosa
reveal hypercortisolism with elevated corticotrophin-releasing hormone (CRH)
and blunted ACTH responses to CRH, as well as increased GH levels.13 The
elevation of GH is probably an adaptation to undernourishment since GH helps
to mobilize fat tissue to combat hypoglycemia.14

Patients in starvation frequently exhibit a sick euthyroid syndrome with low
thyroxine levels and a decreased conversion of thyroxine to triiodothyronine.
Because thyroid hormone is catabolic, a decrease in thyroid hormone production
may be a compensatory mechanism and probably contributes to the hypothermia
mentioned previously.14
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Adipocytes secrete leptin, a protein that is involved in body weight regulation.
In lab animals, leptin induces satiety and decreases with fasting prior to weight
loss. In patients with anorexia nervosa, low serum leptin levels have been found.
With weight recovery, the leptin levels increase but still remain below normal.15

Herpertz et al. showed a time-delayed relationship between letpin and insulin
with insulin peaks preceding leptin increases following food ingestion. This study
also demonstrated that leptin levels correlated with body mass index (BMI)
supporting the idea that leptin functions as a signal generated by the increasing
fat mass.13 Further research is needed to define the exact role of leptin in weight
regulation, whether starvation can actually trigger leptin resistance and leptin’s
function in signaling other hormonal systems.

There is significant variability in mortality as a direct result of severe malnu-
trition, ranging from 5 to 10% in refugee camp conditions and from 20 to 40% in
hospitals.16 That variability might exist because of the significant number of
comorbidities that result from malnutrition. The duration of survival during star-
vation depends on the amount of available body fuels and lean body mass. The
time until death is determined primarily by the size of fat stores and the time to
reach the 3% level of essential fat. In humans, typical fat stores are 10 to 15 kg,
or approximately 27% of body weight which should be enough to sustain life for
60 to 70 days. Some propose that lethal levels of body weight loss (40% of body
weight), protein depletion (30 to 50% of body protein), fat depletion (70 to 95%
of body fat stores) or BMI of 13 for men and 11 for women and perhaps even as
low as 10 under conditions of specialized hospital care.17 The mechanisms
responsible for death due to starvation are not well understood. The literature
demonstrates that women have a lower mortality risk from severe starvation. This
is attributed to women usually having a higher initial level of body fat with
subsequent reduced loss of protein and lean body mass during fasting. In addi-
tion, women usually have lower body mass and less lean body mass to maintain
than men.

CLINICAL APPLICATIONS

ASSESS FOR MALNUTRITION

Malnutrition occurs in diverse clinical settings, and tends to be more prevalent
than generally recognized. The increasing prevalence of obesity adds to the diffi-
culty of diagnosing malnutrition. A tool known as the subjective global assess-
ment (SGA) was developed to screen surgical patients for malnutrition and is now
being used more broadly.18 The SGA measures physical exam features outlined in
the preceding text, with emphasis on weight loss and muscle wasting. A recent
American study applied SGA to patients with colorectal cancer, finding that 52%
had some degree of malnutrition. The degree of malnutrition was able to predict
survival.19 SGA has also been shown to predict cost impact in surgical patients.20
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TREAT ELECTROLYTE AND NUTRITIONAL IMBALANCES

The incidence of electrolyte disturbances is not known. One complicating factor is
that the clinical features can be subtle and unless the electrolyte deficit is severe,
it may not be clinically manifested. Furthermore, the plasma concentrations do
not necessarily reflect total body stores. Even so, plasma electrolytes should be
monitored before and during refeeding specifically for sodium, potassium,
phosphate, and magnesium as well as glucose. In addition, urinary electrolytes
should be monitored, a urine sodium concentration of less than 10 mmol/l may
be a sign of saline depletion, and urine magnesium, phosphate, and potassium can
help to indicate body losses of these electrolytes. Before initiating refeeding,
electrolyte disorders should be corrected.

Vitamin deficiencies should also be corrected prior to refeeding. While folate
has not been shown to prevent the refeeding syndrome, some clinicians recom-
mend giving various doses of thiamine in order to prevent thiamine deficiency.21

Zinc may be a novel nutritional intervention during malnutrition, especially
anorexia nervosa. The connection between zinc deficiency and anorexia nervosa
is discussed in detail because it is a simple intervention that is under-recognized.
Zinc deficiency and anorexia have a number of symptoms in common including
weight loss, decreased appetite, sexual dysfunction, and amenorrhea. Hence sim-
ilar features such as poor growth/weight loss, skin abnormalities (acrodermatitis
enteropathica), and amenorrhea are seen in patients with both conditions.22

There are differences between zinc deficiency and anorexia nervosa. The
pathonomonic features of anorexia nervosa including distorted body image, fear
of fat, excessive exercising, self-induced vomiting, and laxative abuse are not pre-
sent in zinc deficiency. Conversely, signs and symptoms of zinc deficiency, such
as depression, skin lesions, and impaired taste, are not usually present in patients
with anorexia nervosa. Zinc deficiency can be a complication of anorexia ner-
vosa, triggered by increased urinary losses of zinc from stress and decreased
intake from starvation.

Open trials with zinc supplementation have been shown to improve weight
gain in anorexia nervosa patients.23 One study done by Katz et al. showed that
patients given zinc supplementation had a significant decrease in the level of
depression, greater weight gain, and an increase in height. This study suggests
individuals with anorexia nervosa may be at risk for zinc deficiency and may
respond favorably after zinc supplementation.24,25 Another study by Birmingham
et al. found that the rate of increase of BMI in the zinc supplementated group was
double that of the placebo group.26 Hence, the literature indicates that zinc sup-
plementation increases the rate of recovery of anorexia nervosa patients by
enhancing weight gain and decreasing their levels of depression and anxiety.

Furthermore, evidence from animal studies show that zinc promotes bone
formation in vitro and bone growth and mineralization in newborn rats.27 Zinc
is thought to play a critical role in protein synthesis. Cavan et al. reported in zinc
deficiency a shift towards fat tissue deposition in place of muscle.28
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Based on studies with lab animals, when zinc deficient rats were given a
choice between carbohydrate, fat and protein, carbohydrate intake fell signifi-
cantly. Therefore zinc not only regulates food intake but also appears to regulate
nutrient selection.29 The exact role of zinc in food intake and the connection
between zinc and anorexia have yet to be defined. A recent theory involves
neuropeptide Y (NPY) in zinc-regulated feeding mechanisms. NPY regulates a
variety of physiologic functions and is known to be a powerful regulator of feed-
ing behavior. It appears to act as a stimulator of food intake when administered
centrally, is increased in the hypothalamus by food restriction, and specifically
stimulates carbohydrate intake. Previous hypotheses, which have not borne out,
implicated disruption of NPY synthesis, processing or receptor function in zinc
deficiency.29 But a recent study by Huntington et al. revealed that zinc deficiency
appears to prevent the release of NPY from the paraventricular nucleus of the
hypothalamus.30 The exact mechanism and role of zinc needs to be elucidated,
but zinc supplementation may play a role in treating malnourished patients.

Clinicians should be aware of the associated conditions of zinc deficiency and
anorexia nervosa. Although the causal link has not been fully established, treat-
ment may be warranted. Prior to initiating zinc supplementation, clinicians may
wish to quantify a patients’ mineral status using the provoked urine specimen
detailed in Jaffe’s chapter on xenobiotics.

TAKE STEPS TO PREVENT REFEEDING SYNDROME

Malnutrition should be identified because it places persons at risk for life-threatening
refeeding syndrome. Refeeding syndrome is broadly defined as the complications
associated with the initiation of feeding in malnourished individuals. Adverse car-
diovascular effects account for the majority of the morbidity and mortality associ-
ated with the syndrome. Other complications include fluid and electrolyte shifts,
especially phosphorous, potassium, magnesium, and associated musculoskeletal,
hematological, cardiopulmonary, and neurological complications.

The syndrome was discovered at the end of World War II as relief teams
began noting similar events among malnourished survivors of concentration
camps and prisoners of war. With the initiation of refeeding, many apparently
“healthy” malnourished survivors suddenly developed cardiovascular and neuro-
logical symptoms; some died abruptly of cardiac failure.31,32 Keys’ Minnesota
Experiment (1944 to 1946) confirmed these findings. During 6 months of starva-
tion, the subjects exhibited no cardiovascular symptoms. With refeeding, how-
ever, Keys et al. documented diminished cardiovascular reserve, and some
subjects suffered cardiac failure.11 More recently, the introduction of enteral nutri-
tion has rekindled interest in the syndrome. It has been documented in patients
undergoing refeeding orally, enterally, parenterally, and in a patient with anorexia
nervosa who was overeating at home.33

With prolonged inadequate calorie intake, catabolism of fat and muscle leads
to a loss of lean muscle mass, water, and minerals resulting in a depletion of
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minerals such as phosphorous, potassium, and magnesium. Upon refeeding, there
is a sudden shift from fat to carbohydrate metabolism and glucose again becomes
the major energy source, stimulating the release of insulin. The body shifts from
catabolism to anabolism and immediately begins to rebuild lost tissues. Both
carbohydrate repletion and insulin release lead to transcellular shifts of glucose,
phosphorous, potassium, and magnesium. The combination of depletion of total
body minerals during catabolic starvation and increased cellular demands for
minerals during anabolic refeeding can result in hypophosphatemia, hypomagne-
semia, and hypokalemia.

Starvation causes complex metabolic aberrations making therapeutic
replenishment difficult and puts one at risk for refeeding syndrome. It is unclear
why every patient who is refed does not develop refeeding syndrome; however
those suffering from chronic starvation, especially if there has been more than
10% weight loss over a couple of months, are at higher risk. Since the syndrome
is often under-recognized, a key factor in diagnosing refeeding syndrome is for
clinicians to recognize the signs and symptoms and have a high index of suspi-
cion in high-risk patients, listed in Table 17.1. Any patient with a history of poor
oral intake for even a few days should be suspected of having refeeding syndrome
if they develop symptoms of confusion, weakness, dyspnea, tachycardia, pares-
thesias, or lab evidence of hypophosphatemia, hypomagnesemia, hypokalemia, or
hyperglycemia.31

MONITOR LABORATORY TESTS

The following are laboratory “red flags” for refeeding syndrome.
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TABLE 17.1
Patients at risk for refeeding syndrome

Classic kwashiorkor
Classic marasmus
Patient unfed in 7 to 10 days with evidence of stress and depletion
Prolonged fasting — hunger strikes
Prolonged vomiting and diarrhea
Massive weight loss in obese patients — after duodenal-switch operations
Chronic alcoholism
Prolonged intravenous fluid repletion
Anorexia nervosa
Cancer chemotherapy
Malnourished elderly
Postoperative patients
Homelessness
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Abnormal Fluid Balance

Refeeding with carbohydrates results in insulin secretion, which can reduce water
and sodium excretion. This coupled with concurrent increased sodium intake may
lead to an expansion of the extracellular-fluid compartment and weight gain, pre-
disposing patients to fluid overload. Hence, refeeding with carbohydrate loads
may result in a misleading weight gain which is just a reflection of extracellular
fluid retention.34 In contrast, refeeding with protein or fat can result in continued
weight loss and urinary sodium excretion leading to a negative sodium balance.
High protein feeding can also result in hypernatremia associated with hypertonic
dehydration, azotemia, and metabolic acidosis. Fluid intolerance can result in
cardiac failure, dehydration, fluid overload, hypotension, prerenal failure, or
sudden death.21

Altered Glucose Metabolism

Glucose refeeding can suppress gluconeogenesis which is an important adap-
tive mechanism during starvation. Once gluconeogenesis has been suppressed,
ingesting more glucose, in the form of carbohydrates, can result in hyper-
glycemia and potentially evoke a variety of adverse effects including hyperos-
molar nonketotic coma, ketoacidosis, metabolic acidsosis, osmotic diuresis, and
dehydration. In addition, glucose can be converted to fat through lipogenesis
potentially evoking hypertriglyceridemia, fatty liver, and a higher respiratory
quotient resulting in increased carbon dioxide production, hypercapnia, and
respiratory failure. Therefore, it is critical that fat intake does not exceed the
maximum lipid-elimination capacity, which is about 3.8 g of lipid per kilogram
of body weight per day.35

Vitamin B1 (Thiamine) Deficiency

Based on the current research, it is unclear whether thiamine deficiency is a con-
tributing factor in the refeeding syndrome.21 Carbohydrate refeeding may cause
increased cellular thiamine utilization because it is a cofactor for various enzy-
matic activities, including carbohydrate metabolism. While thiamine deficiency
is usually associated with chronic alcohol abuse, its most severe manifestation,
Wernicke’s encephalopathy, can develop in anyone with a poor nutritional state.
Provision of thiamine with refeeding may prevent or reduce symptoms of post-
refeeding thiamine deficiency.

Hypophosphatemia

With refeeding, carbohydrate becomes the body’s major energy source, stimulating
insulin release, and enhancing the uptake of phosphate necessary for protein
synthesis and glycogen formation. The combination of total body phosphorous
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depletion and an increased intracellular uptake of phosphorous due to refeeding
leads to severe extracellular hypophosphatemia. The clinical manifestations of
hypophosphatemia include cardiac, hematologic, neurologic, respiratory, and
musculoskeletal effects. Cardiovascular effects include cardiomyopathy and
arrhythmias, specifically intermittent ventricular tachycardia and myocardial
depression. Two possible mechanisms have been postulated: reduced phospho-
rous leads to depleted ATP levels depressing myocardial sarcomere contractility,
or low phosphorous directly causes acute myocardial damage.21,36 Hematologic
effects include a decrease in red cell 2,3-DPG causing impaired oxygen release
from hemoglobin to the peripheral tissues. In addition, hemolysis, red blood
cell dysfunction, and depressed leukocyte function have been described.34

Neurological manifestations can range from change in mental status to seizures,
and include weakness, confusion, coma, paraesthesia, and convulsions. Respiratory
consequences include acute respiratory failure due to respiratory muscle fatigue
and respiratory depression. There are reports of failure to wean patients from
mechanical ventilators due to impaired diaphragmatic contractility thought to be
due to a reduction in ATP. Musculoskeletal consequences include rhabdomyolysis,
usually manifesting as impaired skeletal-muscle function, weakness and myopathy.
During rhabdomyolysis, serum phosphate levels may actually normalize from
phosphate released from muscle breakdown. Furthermore, hypophosphatemia can
lead to both osteopenia and osteomalacia because phosphorous depletion directly
affects osteoclastic resorption of bone.36 With long-term hypophosphatemia there
is increased bone resorption to correct the low serum phosphate, which can result
in ostomalacia. This is particularly important in malnourished patients who are
already at risk for bone disease.

Monitoring phosphate in malnourished patients during refeeding can be chal-
lenging since serum phosphate levels may be misleading and do not necessarily
reflect total body stores. For example, with starvation, total body phosphorus
stores are depleted yet serum phosphate levels are often maintained by transcel-
lular shifts of phosphate, via increased bone mobilization of PO4 and an adjust-
ment in renal excretion of phosphate.

Hypomagnesemia

Magnesium is an essential metal that acts as a cofactor for many enzymes. It is
found mainly in bone and muscle and is essential for lean tissue anabolism, with
0.5 mEq of magnesium retained for every gram of nitrogen.6 Like potassium,
magnesium is more concentrated inside cells. Plasma levels only indicate
extracellular volume, which are not always indicative of total body levels.
Carbohydrate refeeding restores depleted magnesium levels within the cells, trig-
gering a drop in plasma magnesium which can have serious clinical conse-
quences. Additional factors may also exist with chronic alcoholics and patients on
diuretics at higher risk for hypomagnesemia. While most cases of hypomagne-
semia due to refeeding are clinically insignificant, severe hypomagnesemia
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(plasma concentration less than 0.5 mmol/l) can result in cardiac arrhythmias.
There have also been reports of abdominal discomfort, anorexia, nausea, depres-
sion, irritability, and neuromuscular features such as tremor, paresthesia, tetany,
hyperreflexia, seizures, irritability, confusion, weakness, and ataxia.21

Hypokalemia

Potassium is primarily an intracellular cation found primarily in lean tissue; the
loss of lean tissue during starvation reduces total body potassium. Hypokalemia
during refeeding results from potassium’s use in glycogen synthesis, hyperin-
sulinemia and increased lean tissue anabolism.6 Hence, hypokalemia may
develop during refeeding if inadequate potassium is supplied to meet the new
anabolic requirements. Hypokalemia, defined as a plasma potassium concen-
tration less than 3.0 mmol/l, can result in cardiac arrhythmias, convulsions,
lethargy, muscle weakness, confusion, coma, rhadbomyolysis, and respiratory
depression.

Hypocalcemia

Hypocalcemia may develop secondary to malabsorption, causing true loss of
calcium, or it can be secondary to magnesium deficiency. Therefore magnesium
should be checked and corrected if necessary. Hypocalcemia can cause tetany and
convulsions.

Hepatic Steatosis

With overfeeding, especially of carbohydrates via TPN, there can be an accu-
mulation of hepatic fat. While the exact mechanism for hepatic steatosis is not
known, it seems that the fat accumulation in the liver is derived from exogenous
lipid or from a redistribution of fat from adipose tissue.37 Elevated transami-
nases associated with tender hepatomegaly may result from fatty infiltration of
the liver.

ESTABLISH GUIDELINES

There are presently no accepted evidence-based guidelines for the management
of refeeding syndrome. The following are considerations.

• Oral or enteral tube feedings are preferred over parenteral feeding
because there are fewer serious complications and it allows for
enhanced gastrointestinal tract recovery.
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• Feedings should be given in small amounts at frequent intervals
to prevent overwhelming the body’s limited capacity for nutrient
processing and to prevent hypoglycemia, which can occur during
brief nonfeeding intervals.

• Many nutrients, particularly nitrogen, phosphorus, potassium,
magnesium, and sodium are needed to restore lean body mass.
Inadequate intake of one nutrient may impair retention of others
during refeeding.

• Refeeding should begin with less than full restoration of fluid and
calorie needs. Changes in body weight provide a useful guide for
evaluating the efficacy of fluid administration. Weight gain greater
than 0.25 kg/d, or 1.5 kg/wk, probably represents fluid accumulation.

• Begin calorie repletion at approximately 15 to 20 kcal/kg/d or an
average of 1,000 kcal/d. Using the Harris–Benedict equation, one can
predict basal energy expenditure (BEE) and start feeding at 100 to
120% of the BEE or resting energy expenditure (REE).6 Klein et al.
recommend initiating feeding at 50% or less of the patient’s energy
goal and advancing gradually as some patients may require 72 h or
more to reach and tolerate the goal for feeding.37

• The usual protein requirement is 1.2 to 1.5 g/kg or about 0.17 g of
nitrogen/kg /d. Others advocate estimating the previous intake of
calories and begin by providing at least that amount plus replenishing
protein stores at 1.2 to 1.5 g/kg of protein based on the ideal body
weight.21

• Liberal amounts of phosphorus, potassium, and magnesium should be
given to patients who have normal renal function tests results.

• Daily monitoring of volume status and electrolyte values should
include body weight, fluid intake, urine output, phosphorous, potas-
sium, magnesium, and glucose. These values are critical during early
refeeding (the first 3 to 7 days), so that nutritional therapy can be
appropriately adjusted when necessary.

TREAT RELATED MUSCULOSKELETAL CONDITIONS

The Malnutrition–Obesity Connection

During weight recovery, regardless of the cause of the initial weight loss (malnutri-
tion, famine, or anorexia nervosa) body fat recovers at a rate that is disproportion-
ately greater than that of lean tissue.38,39 Keys et al. referred to this phenomenon as
“post-starvation” obesity and attributes it to overeating after a period of starvation.11

Weight recovery data from adults with anorexia nervosa show a significant increase
in trunk fat with the development of truncal obesity. Increased cortisol levels may
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lead to a more central fat distribution which might account for this phenomenon.
Dulloo et al. showed that the human body’s energy balance system that modulates
the pattern of lean and fat tissue mobilization during weight loss also operates
during weight recovery to modulate the pattern of lean and fat tissue deposition.
Moreover, the initial percent body fat is the most important predictor for the pattern
of lean and fat tissue deposition in weight recovery. This may partially explain why
there is so much human variability in the pattern of lean and fat deposition during
weight recovery.39

LOSS OF LEAN TISSUE

Skeletal and cardiac muscle dysfunction can occur within the first week of refeeding
and may manifest itself as weakness, myalgia, rhabdomyolysis, or diaphragmatic
weakness. The etiology of the muscle dysfunction is probably from the depletion of
myocyte ATP and may be from CPK dysfunction as well. Muscle weakness may
also result from altered neuromuscular function due to hypokalemia and hypo-
magnesemia. Cardiac muscle is also compromised. There is a reduced total heart
volume, end diastolic volume, and left ventricular mass. This can lead to impaired
cardiac output.21

Changes in muscle morphology and muscle energy metabolism following
malnutrition have been studied. Muscle dysfunction has been documented in
patients with anorexia nervosa, with proximal muscle weakness complaints.40

Franssen et al. reviewed studies on the effects of anorexia nervosa on skeletal
muscle fiber and reports the primary pathology is muscle fiber atrophy, particu-
larly type II fibers. However, a muscle fiber type redistribution does not seem to
occur as the relative proportions of the different fiber types (types I, IIA, and
IIB) seem to within normal limits. With regard to muscle energy metabolism,
decreased activity of enzymes involved in glycolytic and mitochondrial pathways
have been reported in muscle biopsies from anorexic patients. Other findings
associated with the myopathy include abnormal accumulation of glycogen within
muscle fibers, diminished lactate response to exercise and reduced serum
carnosinase activity.41

Life-long Osteoporosis Risk

Malnutrition during adolescence prevents acquisition of peak bone mass, as
discussed by Lamb and Nadelson. Anorexic patients with an average duration of
illness of 5.8 years were found to have an annual fraction rate seven times higher
than healthy women of the same age.42 Mineral loss is estimated to occur at a rate
of approximately 3% per year of disease.14 Bone loss occurs very early after the
onset of amenorrhea, which may be as short as 6 months of illness.43 The impor-
tant predictors of low bone mineral density include the duration of amenorrhea,
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years of physiologic estrogen exposure after weight gain, lean body mass, and
duration of emaciation below a BMI of 15 kg/m2.44,45 Anderson et al. found that
men with anorexia nervosa are more deficient in BMD than women with anorexia
nervosa.46

Disagreement exists as to whether full recovery of bone is possible. There are
studies showing recovery with weight restoration and others showing only partial
improvement.42,44,47,48 Studies analyzing the long-term effects of anorexia nervosa
on bone mineral density found that even after physical recovery, bone density may
remain below the normal range for age.45 Moreover, there is a difference between
trabecular and cortical bone. Cortical bone mineral density, which if recovery is
possible, will proceed very slowly.49–51

Hypogonadism is probably a major factor in the osteopenia of anorexia
nervosa. Studies have shown that a longer duration of amenorrhea correlates
with more severe osteopenia.52 However, patients with anorexia nervosa have a
more profound bone loss than amenorrheic athletes without anorexia nervosa.53

Based on the association between bone loss and hypogonadism, hormone
replacement therapy (HRT) may seem to be helpful and 78% of doctors treat-
ing patients with anorexia nervosa prescribe some form of HRT to prevent or
reverse osteoporosis.54 However, to date there is very little evidence of HRT as
an effective therapy to prevent or reverse bone loss in patients with anorexia
nervosa.

Calcium supplementation at 1500 mg daily did not preserve bone density in
anorectic patients in one study.55 A prospective study of calcium supplementation
in patients with anorexia nervosa showed that calcium did not reverse bone
loss.56 Therefore, a more comprehensive bone nutrient regiment is recommended
(Chapters 25 to 27).

The role of physical activity in anorexia is complex. While physical activity is
necessary for bone mineral acquisition and maintenance, it has both a protective
and harmful effect on bone density in patients with anorexia nervosa. Therefore,
physical activity must be monitored to ensure that it is done moderately because
excess can result in further weight loss and prevention of menses and may be
detrimental to bone density.

MALNUTRITION CAN AFFECT THE NEXT GENERATION

Malnourished women experience miscarriages at a rate of 30 vs. 16% according
to a case control study.57 There does not seem to be a difference in the rate of mis-
carriage or mean birth weight between women who are anorexic during preg-
nancy and those who are recently recovered.58 There are more premature births
and cesarean deliveries among malnourished women and mean gestational
weight for live births is significantly lower. For more information on maternal
nutrition of offspring, refer to Chapter 3 and a recent workshop compilation.59
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Editor’s Note

Our definition of malnutrition tends to be insufficiently broad. As a result, several
conditions are underdiagnosed: Osteoporosis decades after adolescent food
restriction, sarcopenia in the elderly, obesity from maternal malnutrition while
in utero, refeeding syndrome, anorexia nervosa, binge eating disorder, and nutrient
deficiencies in immigrants.
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INTRODUCTION

Skeletal muscle is vitally important for posture, balance, and locomotion and
acts as a major metabolic organ. Loss of muscle mass and function with age
puts older people at risk for falls, obesity, diabetes, and dependent living. Muscle
loss may be a marker of aging itself. This chapter considers the mechanisms,
consequences, and treatments for age-related decline in skeletal muscle size and
function, also referred to as sarcopenia.

DEFINITION AND PREVALENCE OF SARCOPENIA

Sarcopenia is most commonly defined as the loss of muscle mass and strength.
Sarcopenia can be quantified in several ways, some of which are described in
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Chapter 1. Size and peak contractile strength of leg and arm muscles decline with
age in healthy men and women.1–9 In a group of healthy, nonexercise trained, men
and women, cross-sectional area of the thigh muscles declined 5% per decade while
peak knee extensor strength declined 10% per decade.10 The best predictor of
muscle strength is muscle size, measured as cross-sectional area, even though cor-
rection for muscle size does not fully eliminate the decline in strength (Figure 18.1).

In general, muscle quality, defined as muscle strength per unit muscle mass
or area, declines with age.1,7,8 In our studies, gender did not influence the age-
related decline in muscle size and strength. The decline appeared to be linear
throughout the adult lifespan. In other studies, muscle strength and size did not
decline significantly before the age of 40 to 50 years.2,3,5,9 The variability in study
results may be because of differences in diet, physical activity, or health status of
study participants. Each of these potential variables is discussed in this chapter.

Simply measuring height and weight is not an adequate screen for sarcopenia.
Measurements of body composition described in Chapter 1 can provide a more
accurate assessment. The loss of muscle mass with age is often masked by a cor-
responding gain in body fat so that body mass is a poor predictor of sarcopenia.11–14

Much of the increase in adiposity is in the abdominal area. The loss of leg mus-
cle mass and increase in abdominal fat with age is demonstrated in Figure 18.2.
The shift in body composition is the major contributing factor for the age-related
decline in insulin sensitivity because skeletal muscle is the major site of insulin-
stimulated glucose uptake and abdominal fat is closely related to insulin
action.13,15,16 There are smaller increases in inter- and intramuscular fat in limb
muscles with aging that also contribute to the decline in muscle quality and
insulin sensitivity.17,18 A recent prospective study of 26 elderly African-American

306 Scientific Evidence for Musculoskeletal, Bariatric, and Sports Nutrition

FIGURE 18.1 Decline in leg muscle strength and size with age in healthy men and
women: (a) knee extensor isokinetic peak torque measure at 180�/s; (b) cross-sectional
area of the thigh muscles measured by computed tomography. Significant differences in
muscle size and strength are present between men and women but the changes with age
are similar. (c) The decline in knee extensor torque with age persists even after adjustment
for muscle cross-sectional area. This demonstrates that muscle quality is reduced with
aging. (Adapted from Short, K.R., Vittone, J.L., Bigelow, M.L., Proctor, D.N., Coenen-
Schimke, J., Rys, P., and Nair, K.S., J. Appl. Physiol., 2005, in press. With permission.).
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women used magnetic resonance imaging over a 2-year study period. These
women, who were 75 years old at baseline, showed significant decline in limb
muscle mass and increase in intramuscular and visceral fat.18 These data suggest
that the frequent coexistence of obesity and muscle loss in older people can lead
to underdiagnosis of sarcopenia.19

Among the first studies to measure sarcopenia prevalence was a survey of 883
elderly residents of New Mexico.6 Appendicular muscle mass was estimated from
limb anthropometry and cross-validated in a subset of the group. Sarcopenia was
defined as having skeletal muscle mass equal to or less than two standard devia-
tions (SD) below the mean. Based on this criterion, prevalence of sarcopenia
among persons under 70 was 15% for men and 23% for women. For people over
80 years of age the prevalence was 43 to 60%, consistent with other estimates of
prevalence.20–22 Sarcopenia was associated with increased risk of physical dis-
ability and history of injury, including problems with gait or balance, use of a
cane or walker, and history of falls and bone fractures.

CLINICAL SIGNIFICANCE OF SARCOPENIA

Reduced muscle mass and strength increase the risk of disability.6,21,22 Rantanen
showed that in a group of 1000 community-dwelling women over the age of
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FIGURE 18.2 Age-related changes in body composition in healthy men and women.
Body composition was measured in 100 men and 135 women using dual x-ray absorp-
tiometry in subjects combined from two recent studies.26,36 Subjects were grouped as
young (18 to 33 years), middle aged (35 to 57 years), or older (60 to 89 years). Subjects
with body mass index between 19 and 32 kg/m2 were used for this analysis. The most
notable change with age in both sexes was a decline in leg lean mass and an increase in
trunk fat. Nontrunk fat also increased significantly with age.
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65 years, reduced muscle strength was closely related to the ability to perform a
variety of activities of daily living.23 Muscle dysfunction resulted in lower capac-
ity to perform physical activities, which could exacerbate muscle loss.23 An 8-year
prospective study of 451 men and women classified participants as obese and sar-
copenic at baseline.19 The 30% of participants who were both obese and sarcopenic
were two to three times more likely to experience disability compared with those
with healthy body composition, obesity without sarcopenia, and sarcopenia with-
out obesity.

Sarcopenia compounds morbidity and mortality among people who already
have compromised health status. In a study of 660 elderly patients followed for
1 year after hospital discharge, mortality risk was greatest for those patients with
low body weight at baseline, which in this case was defined as body mass index
(BMI) <20 kg/m2,24 There is also evidence that older people with low body weight
and low intake of protein and energy are more likely to have poor wound healing
and development of pressure sores during hospitalization.25

Peak aerobic exercise capacity declines with age and this is due in part to
reduced muscle mitochondrial function.26–28 The decline in peak aerobic capacity
is approximately 8% per decade in healthy, non-exercise trained people, even
after correcting for muscle or total body lean mass. The decline in aerobic capac-
ity also occurs in well-trained individuals.29,30 Mitochondrial dysfunction may
contribute to reduced glucose tolerance and increased insulin resistance in older
people and people with type 2 diabetes.31–33 The lower capacity of mitochondrial
oxidation is hypothesized to result in greater fuel storage as intramuscular lipids,
which in turn interfere with normal insulin-mediated glucose metabolism.31,33,35

Editor’s Note

Loss of muscle tissue is often offset by an increase in fat, which can mask age-
related muscle loss. Fat has on average only one third the metabolic rate of
muscle so the loss of muscle contributes to an age-related decline in resting meta-
bolic rate, as well as declining overall musculoskeletal health. When loss of muscle
size and strength is detected early, nutritional interventions can be effective.

POTENTIAL MECHANISMS OF SARCOPENIA

The major component of skeletal muscle, after water, is protein. The balance
between protein synthesis and protein breakdown therefore determines the mass
of muscle and other tissues. Protein turnover is an essential process through
which each cell can regulate size and function (Chapter 6). The rate of whole
body protein turnover declines with age at approximately 5% per decade, even
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after adjustment for the age-related decline in fat-free mass.36 Potential mechanisms
of protein loss are a topic of current study.

Whole body protein turnover measurements average the contribution from all
of the body protein pools. Because the size and metabolic rate of these pools
change with age, protein turnover measurements can be difficult to interpret.
Skeletal muscle is the largest single protein pool in the body, comprising approx-
imately 45 to 50% of body mass and 80% of lean mass in young people, but
because of its slow rate of protein turnover muscle accounts for only 30% of the
whole body protein turnover rate at rest.37,38 In older people, muscle may account
for only 35% of body mass and 40% of lean tissue mass; nonmuscle organs there-
fore contribute more to the rate of whole body protein turnover. Turnover rates
during steady-state conditions vary widely among different tissues, e.g., 1 to 2%
per day in muscle and skin, 5 to 7% per day in heart, 18 to 21% per day in liver,
and up to 31 to 48% per day in the gut.39–41

Skeletal muscle is a reservoir of amino acids that can be used to supply other
body tissues. Following an overnight fast, the balance of amino acids in leg mus-
cles is negative, meaning that amino acid release into the circulation exceeds the
rate of uptake.42,43 With continued fasting up to 3 days, the rate of amino acid
release from muscles is further increased.44 In contrast, amino acid balance in the
splanchnic tissues remains positive between meals,45,46 presumably so that the
liver can continue to produce essential proteins such as albumin and clotting
factors. Thus, it seems that muscle plays a critical role in providing amino acids
to the liver between meals. Following a meal amino acid uptake rapidly increases
in muscle and splanchnic tissues.43 On the basis of tissue mass, however, the total
amino acid uptake into skeletal muscles is much greater than other organs.

A decline in muscle protein synthesis and an increase in breakdown could
both contribute to muscle loss. Several studies have reported that in human leg
muscles the fractional synthesis rate of total mixed muscle proteins, myofibrillar
(contractile) proteins, and mitochondrial proteins is reduced with age.36,37,44–47

Work from our group demonstrated that with age there was a decline in synthesis
rates of mitochondrial proteins and myosin heavy chain, which is the major con-
tractile protein. There was no decline in synthesis of sarcoplasmic proteins, which
are soluble cellular proteins.37 This distinction highlights the fact that some
muscle proteins are more likely to be affected by the aging process. Not all
research groups have found a decline in muscle protein synthesis rate with age.
In a comparison between healthy young and old men, Volpi and colleagues48

reported that there was no significant difference in either leg muscle protein
synthesis or breakdown rates. Volpi and colleagues49 elected not to control diet or
exercise habits prior to their measurements and participants self-reported to the
testing center on the morning of the study, rather than staying overnight. The
rationale presented for this approach was that subjects were studied under a more
free-living state, although this may have added variability to the measurements.
These studies demonstrate that age effects vary among older subjects, suggesting
a critical role for diet and exercise.
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There are additional reasons to expect that muscle protein synthesis rate declines
with age through reductions in transcription of messenger RNA (mRNA) and trans-
lation of proteins decline. Additionally, oxidative damage to mitochondrial DNA,
proteins, lipids, and other cellular components increases in skeletal muscle and other
organs increase.50–54 Oxidative damage to proteins, lipids, and other cellular compo-
nents.50–56 Activity of antioxidant defense enzymes is altered57 and antioxidant ther-
apies may attenuate age-related degenerative processes.58–61 Proteins undergo several
other forms of post-translational modification, including phosphorylation, nitrosyla-
tion, glycation, and methylation, which adversely affect protein function.50,61

Another potential mechanism for sarcopenia is loss of motor neurons. Lexell
and colleagues62,63 demonstrated that in human quadriceps muscle, the total num-
ber of muscle fibers is reduced with age and that there is preferential atrophy of
the type II (fast twitch) fibers. The loss of muscle fibers may be due to a decrease
in motor nerves, because other studies have found evidence of fewer motor units,
reinnervation changes, and deterioration of motor endplates in older muscles.64–66

Muscle fibers in older muscles are clustered into larger motor units that are less
randomly distributed than in younger muscles, suggesting that reorganization
occurs during aging.65,66 Frail older people often have decreased neurological
function as well as sarcopenia, providing support for a causal association.66,67

EXERCISE CAN ATTENUATE SARCOPENIA AND ITS EFFECTS

Skeletal muscle is the major site of insulin-mediated glucose uptake, storage, and
oxidation and aerobic exercise can further enhance this capacity.68–71 The most
prominent change in muscle in response to aerobic training is stimulation of mito-
chondrial biogenesis.72 A classic study by Holloszy73 was the first to demonstrate
that regular treadmill running produced enhancements in mitochondrial function
in rodents. Subsequent work in humans has shown that the capacity to improve
mitochondrial function in response to exercise remains largely intact in old
age.13,74,75 In a 4-month program of moderate intensity bicycle exercise, improve-
ments in peak aerobic capacity, activity of oxidative enzymes in skeletal muscle,
and expression level of mRNA transcripts encoding mitochondrial proteins were
increased to a similar extent in younger, middle-age, and older men and women.13

Older people who regularly perform aerobic exercise also have increased muscle
capillary density.74,75 Collectively, these enhancements can contribute to decreased
muscle fatigability in older people.

Aerobic exercise, however, has not been shown to increase muscle mass.13,76

Recent studies have shown that both young and old experience an increase in
muscle protein synthesis following either a single session of treadmill walking77

or a 4-month program of bicycle training.13 In view of the fact that this type of
activity does not alter muscle mass, the enhanced rate of protein synthesis may be
primarily directed at increasing mitochondrial proteins and may improve muscle
quality by replacement of damaged proteins. Further work is required to identify
the specific proteins that are affected.
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Resistance training is required for improvement of muscle size and strength
and it is a safe and effective means for older people to achieve strength gains.78,79

In most cases, the percentage increase in strength and muscle size is similar in
healthy older men and women compared to younger people when following a
standardized program. Even frail older people can benefit from resistance exer-
cise.80,81 However, for older people living in supervised care facilities, there may
be significant deconditioning, which results in slower strength gain. Orthopedic,
posture, or balance issues may need to be overcome, but there is usually some type
of activity that can be successfully implemented.

The increase in muscle strength with resistive training typically exceeds the
change in muscle size in both younger and older people. In older men, for exam-
ple, 12 weeks of resistance training increased leg extensor strength 110% but
quadriceps cross-sectional area only 9%.82 The greater increase in strength is
accomplished through alterations in motor unit firing, i.e., increased synchro-
nization of agonists and reduced firing of antagonists, in both young and old indi-
viduals.83,84 These studies show that even though there appear to be fewer motor
units in old muscles, the existing neural networks remain highly adaptable. The
fact that motor unit plasticity is still present in aging muscles, despite several
quantitative and qualitative changes, is a positive sign that exercise interventions
may help to attenuate the aging process.

Resistance training ranging from 2 weeks to 4 months increases muscle
protein synthesis, especially contractile proteins.44,47,85–88 Less is known about
protein breakdown because it is technically more difficult to measure. Exercise
is thought to increase protein breakdown as part of an overall increase in
turnover;89 net protein synthesis occurs as evidenced by protein accumulation
(Chapter 6).

DIETARY PROTEIN AND AMINO ACIDS PLAY
A ROLE IN PREVENTING SARCOPENIA

Total energy and protein intake decline with age.90,91 There has been ongoing
debate about whether dietary protein needs change with age and whether recom-
mendations for older people to increase dietary protein are beneficial and safe. In
1985, the World Health Organization established a recommended daily allowance
(RDA) of 0.6 g of high-quality protein per kilogram body weight per day for older
people, but this estimate was challenged and the current RDA is 0.8 g/kg/d.92,93

According to work by Campbell and colleagues,94–96 protein requirements in the
elderly may actually be closer to 0.9 or even 1 g/kg/d. They arrived at these values
after performing studies with experimentally controlled diets and monitoring
nitrogen balance for up to 14 weeks. The requirement of 0.9 to 1.0 g protein/kg/d
to achieve nitrogen balance was determined from four studies lasting 10–20 days.95

Such short-term studies may not be adequate to achieve a steady state in nitrogen
balance when manipulating dietary protein intake.96 Campbell and colleagues,94

therefore, performed a 14-week study in which healthy older men and women
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consumed 0.8 g protein/kg/d. The subjects in that study were able to maintain
body weight but they experienced a 2% decline in thigh muscle area and a 20%
reduction in urinary nitrogen excretion, which suggests a compensatory mecha-
nism to slow the loss of lean tissue. Thus, in these healthy older people, protein
needs appear to exceed the current RDA. In addition to the role of protein in
maintaining muscle mass, protein intake is inversely related to the risk for hip
fractures in older people, even after controlling for factors such as physical activity,
BMI, and calcium and vitamin D status.97

However, before recommending that older people consume more protein it is
important to consider current dietary intakes and potential risk factors. A survey
of 7207 community-dwelling adults in the United States revealed that the total
energy intake declines with age but the mean percentage of energy as protein
remains approximately 17% in both men and women.91 Thus, habitual protein
intake per unit of body mass tends to decline from 1.10 to 1.15 g protein/kg body
mass/day in people 25 to 50 years of age to values of 0.88 g/kg/d in people over
75 years of age. The oldest people were also more likely to consume less than the
RDA for protein; from the ages of 25 to 74 years, 20 to 30% of people were below
the RDA but this figure rose to 40% of people over 75 years of age. Of note was
that protein intake was not associated with morbidity in women, while in men
protein intake below the RDA was associated with a small but significant increase
in morbidity. In the United States, protein intake of older people is more likely to
be inadequate in people living in rural areas and from lower socioeconomic
groups.98 In some populations, however, protein intakes have been shown to be
much higher. A national survey of Germans over the age of 65 years revealed a
median protein intake of 1.2 g/kg/d99 with only 14 and 6% of people below 0.8
and 0.6 g/kg/d, respectively. Similar findings were reported in a study of older
Spanish people.100 A smaller study of 54 Japanese men and women, mean age
74 years, revealed that protein intake, mainly from seafood sources, was surpris-
ingly high for both women (1.5 g/kg/d) and men (1.8 g/kg/d).101

There is so far no clear evidence that protein requirements adjusted for body
mass and energy expenditure are different in younger and older people.102–104

Older people, however, are at greater risk of acquiring inadequate dietary protein
because, as noted above, the ratio of protein energy to total energy intake often
remains stable as people decrease energy intake with age and sedentary lifestyle.
Thus, while dietary protein intake should remain in the range of 0.8 to 1.0 g/kg/d
for most adults, this requires that protein intake must account for an increasing
percentage of calories consumed with advancing age.93,103

Increasing protein intake beyond 1 g/kg body weight/day has been shown to
alter protein turnover in older people, but there is no evidence to date that this
results in any beneficial effects on muscle mass or function. In a study by
Pannemans, younger and older healthy men and women consumed diets contain-
ing either adequate protein (0.8 to 1.0 g/kg/d) or high protein (1.4 to 1.8 g/kg/d)
for 3 weeks.105 With the adequate protein diet both younger and older people were
in nitrogen balance but whole body protein turnover rates were reduced in the
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older group. In comparison, the high protein diet resulted in higher rates of whole
body protein turnover in both groups but nitrogen balance was only increased in
the young. Measurements of muscle mass or strength were not reported in this
study. Other studies are in agreement that increasing daily protein intake results
in increased whole body protein turnover, including protein oxidation.106,107 Once
protein balance is achieved, consumption of additional protein is largely used as
a fuel source. One group that may benefit from additional protein intake is frail
elders. Chevalier and colleagues108 studied a group of nine older women with
diminished muscle mass but who still performed daily living activities with
minimal assistance. When these women were switched from a diet containing
0.87 g protein/kg/d to an isoenergetic diet containing 1.23 g protein/kg/d for
12 days they experienced an improvement in nitrogen retention, although there
were no changes in whole body protein turnover. Further work is required to
determine whether a longer dietary intervention of increased protein consumption
could stimulate gains in lean tissue or improve health in frail elderly people.

Measurements of protein metabolism in each of the above studies were per-
formed in the resting state, typically in sedentary individuals. Physical activity
and exercise training result in increased energy and protein requirements.104,109

Millward104 has proposed that accommodation to regular exercise occurs so that
protein utilization becomes more efficient, resulting in slower rise in dietary pro-
tein needs with increasing levels of physical activity. For example, when older
men performed resistance training for 12 weeks, nitrogen excretion decreased 10
to 15%, thereby lowering dietary requirements.110 Half of the men in that study
were fed a diet containing the RDA of 0.8 g protein/kg/d and the other half con-
sumed twice that amount of protein. There was no apparent benefit on muscle
strength or mass from consuming the higher protein intake. In fact, the most
notable effect of the higher protein diet was increased protein oxidation. In
another study, frail nursing home residents were randomized to a program of
resistance exercise with or without a liquid meal supplement or given the meal
supplement alone.80 In both exercise groups there were significant increases in
muscle mass and strength but no effect of the meal supplement. Welle and
Thornton111 found that acute consumption of meals containing 0.6, 1.2, or 2.4 g
protein/kg body weight did not have a significant effect on rates of myofibrillar
protein synthesis in older men and women following resistance exercise training.

An emerging concept of protein nutrition that may be beneficial for protein
accretion in older people is manipulating the timing of protein meals. Arnal
et al.112 assigned older women to receive 80% of their daily protein intake at their
mid-day meal or distributed over four smaller meals each day for 14 days. The
group consuming the larger mid-day meal experienced greater protein
retention during this short study. Timing of protein intake following exercise may
also be important. It is well established that resistance training has an acute
stimulatory effect on muscle protein synthesis and that consuming protein or
amino acids can further enhance the protein synthesis response. When older men
performing a 12-week resistance training program consumed a liquid meal
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supplement (10 g protein, 7 g carbohydrate, 3 g fat) immediately after each exercise
session they were more likely to demonstrate increased leg muscle mass com-
pared to men who waited 2 h after exercise to consume the supplement.113 This
was a small study though (only six to seven men per group), and muscle hyper-
trophy responses are known to vary among people so replication is needed. Still
this promising finding highlights the value of consuming nutrients after exercise.

The structural composition of meal proteins is also important for regulating
digestion rate, meal appearance, and protein retention. Boirie et al.114 introduced
the concept of “slow” and “fast” proteins, such as casein and whey, respectively,
which when studied separately can be shown to leave the gut at different rates, in
a manner that is analogous to simple (fast) vs. complex (slow) carbohydrates. In
young men casein consumption produced a lower but more sustained increase
in plasma amino acid levels and higher deposition of amino acids compared to
whey protein.115 However, older men demonstrated higher protein gain with the
rapidly digested whey protein. Following meal ingestion the percentage of amino
acids that are extracted by the splanchnic bed before appearing in the circulation
is increased in older people.116,117 Thus, consuming larger meals or faster-digesting
proteins may be useful for older people to introduce more amino acids into the
circulation for deposition in peripheral tissues.

One of the concerns of advocating high-protein diets for older people is the
risk on renal function, which is often reduced with age.118 Older patients with
chronic renal insufficiency are often recommended to follow a reduced protein
diet to avoid exacerbating their condition. This could be expected to result in
deleterious loss of body protein stores but diet and exercise strategies may help
ameliorate these events. In a controlled trial in older people with mild renal insuf-
ficiency, Bernhard et al.119 reduced dietary protein intake from 1 to 0.7 g/kg/d
over a 3-month period, but kept total energy intake close to 31 kcal/kg/d to main-
tain energy balance. Body mass was maintained and amino acid oxidation and
appearance rate (a measure of protein breakdown) both declined, indicative of
protein sparing. The authors proposed that the key to maintaining body protein
stores is consuming sufficient energy so that amino acids are efficiently used for
protein deposition and not as fuel. In another study, older people with mild renal
insufficiency who had already adapted to a low protein diet (0.64 g/kg/d) were
randomized to 12 weeks of resistance training or control activity.120 Those in the
exercise group had increased muscle fiber size and strength and maintained body
weight compared to controls that lost weight. Careful selection and timing of
dietary protein, coupled with exercise, are critical therapy for older people with
diminished renal or liver function.

The selective use of amino acid supplements could also be valuable, especially
for those with diminished renal or liver function and for persons on calorie
restriction. The potential advantage is that the caloric density of an amino acid
supplement should be less than either a protein or mixed meal supplement.
Several studies have demonstrated that individual amino acids, particularly the
branched-chain amino acids (BCAAs: leucine, isoleucine, valine), have stimulatory
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effects on muscle protein synthesis and inhibit protein breakdown.38,121 BCAAs
have also been shown to activate anabolic signaling pathways in muscle that
result in regulated translation of specific gene transcripts.122,123 Activation of these
pathways, however, also results in reduced muscle glucose uptake during insulin
stimulation, perhaps as a means to limit the uptake of nutrients.124,125 Guillet
et al.126 recently showed that the inhibitory effect of hyperaminoacidemia on
glucose disposal is blunted in older people compared to young people, but this
is probably due to the fact that older people already had reduced insulin action on
glucose metabolism at baseline.

There may be a benefit to glucose metabolism from increasing mixed amino
acid or protein intake in older patients with poorly controlled diabetes. In a recent
randomized, crossover trial, fasting insulin glucose and glycosylated hemoglobin
were shown to decrease over a 4-month period when older men and women with
diabetes consumed a liquid amino acid mixture twice per day.130 It is important to
point out that total energy intake was the same and protein intake remained at
15% of energy intake in both study phases so the amino acid mixture was a meal
replacement, rather than a supplement. A similar reduction in glucose, insulin,
and glycosylated hemoglobin was also demonstrated when older patients with
untreated type 2 diabetes switched to a higher protein, low-carbohydrate diet for
5 weeks.131 The benefit of these diets probably derives from the lower carbohy-
drate intake, which results in lower excursions in plasma glucose concentration
following meals. It is also likely, although yet to be proven, that the additional
energy from amino acids in these diets is used as an alternate fuel source. The
interaction of these higher protein diets with diabetic medications has not yet
been tested.

Volpi and colleagues have actively investigated the role of amino acid
supplements in older people. They have shown that both oral and intravenous
delivery of a 40-g mixture containing all 20 amino acids stimulates amino acid
uptake into leg muscle over a 3-h period in older people.127,128 While intriguing,
this has not been a consistent finding.124,129

Consuming a supplement containing one or more of the essential amino acids
(EAA) may be sufficient to stimulate muscle protein synthesis in the elderly.
When older people received an infusion of either 18 g of EAA or18 g EAA plus
22 g non-EAA, the resulting stimulation in muscle protein synthesis was simi-
lar,132 implying that the EAA were sufficient for the effect and that the non-EAA
had no additive effect despite the additional nitrogen intake. In a follow-up study,
a 15-g dose of EAA was given orally and found to stimulate muscle protein syn-
thesis rate in both young and older subjects.133 How long the stimulatory effects
of EAA last beyond the 3-h measurement period and whether the time course dif-
fers with age or dose has not been determined. Neither has it been determined if
adding glucose to the EAA supplement results in the same blunted effect on pro-
tein synthesis in older people as occurred with mixed protein intake.129 It also
remains to be shown whether adding an EAA or individual amino acid supple-
ment to normal meals would have a beneficial effect on muscle mass or function
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when consumed over several weeks or months. Controlled trials are needed given
the potential value of amino acid supplementation.

In summary, it has been shown that up to 40% of older people do not consume
the RDA of protein and many are probably not consuming adequate calories to
maintain energy balance. Therefore, treatment strategy should be to assure that
older individuals are regularly consuming between 0.8 and 1.0 g protein/kg body
weight/day as this level has been shown to be adequate to maintain nitrogen
balance. In some frail elderly people, 1.25 g protein/kg/d may be beneficial. In
contrast, people with reduced renal or liver function need to reduce protein intake
to 0.6 to 0.8 g/kg/d, but maintaining adequate energy intake and performing resis-
tance training can help these patients preserve lean tissue mass. Recent studies
have provided promising results that amino acid supplementation, particularly
essential and branched-chain amino acids like leucine, stimulate muscle protein
synthesis and might be valuable for older people. Further work is needed to deter-
mine if chronic amino acid supplementation has beneficial effects on muscle
mass and function.

ADDITIONAL DIETARY SUPPLEMENT
STRATEGIES IN TREATING SARCOPENIA

There are numerous dietary nutrients required for musculoskeletal health, many
of which are described in detail in other chapters. Since oxidative stress may
contribute to muscle loss through mechanisms described earlier, increasing intake
of antioxidant nutrients may be of benefit, although largely unstudied. Here we
briefly consider three nutrients that have attracted attention for their proposed
usefulness in older adults.

Vitamin D has long been known to play an important role in bone metabo-
lism, but recent data suggest that it may also be vital for maintaining muscle size
and strength. In a study of 270 older community-dwelling Italian men and
women, serum vitamin D levels were positively associated with muscle strength
and self-reported physical performance in women, but not in men.134 The preva-
lence of hypovitaminosis D (<37.5 nmol/l) was also higher in women (55% of
those studied) than in men (35%). This sexual dimorphism was not observed
in a larger study of 4100 American men and women aged between 60 and
90 years.135 Subjects in this study were all living at home and ambulatory. The
major finding was that after adjustment for variables such as age, calcium intake,
and comorbidities, serum vitamin D levels were positively correlated with walking
speed and the ability to perform repeated chair-rises. Functional ability on these
tasks did not vary much for people with serum vitamin D above 40 nmol/l, but
below this level there was a rapid decline in performance. Furthermore, in a
prospective study of 1000 Dutch men and women over the age of 65 years, it was
shown that after 3 years of follow-up people with low serum vitamin D concen-
tration at baseline were up to two times more likely to develop a significant
decline in grip strength and muscle mass.136 Not all studies have shown equal
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promise,137–140 because the role of vitamin D in muscle metabolism is currently
being quantified (Chapter 10). In summary, prevalence of vitamin D insuffi-
ciency in older people is higher than generally appreciated and increased intakes
could be useful.141

L-Carnitine is an essential cofactor for fatty acid transport into mitochondria
where fats are oxidized. Carnitine deficiency is associated with decreased fat
oxidation and muscle fatigue. A recent study in rats showed that carnitine levels
in brain, muscle, and heart were reduced 20% in older animals compared
to young.142 Furthermore, dietary supplementation of carnitine (100 mg/kg/d)
increased tissue carnitine concentration in old rats to levels comparable with
young animals and had positive effects on plasma lipid profile.142 Other studies
showed that carnitine supplementation for 2 to 3 weeks increased the activity of
mitochondrial respiratory enzymes in muscles from old but not young rats, sug-
gesting that baseline carnitine levels were deficient in the older animals.143,144

There are very little data available on the effects of age on muscle carnitine con-
tent in humans. One study showed that people over the age of 65 years who were
undergoing surgery for hip fracture were more likely to have low muscle carni-
tine levels than healthy controls,145 but it is difficult to determine whether muscle
carnitine levels contributed to hip fracture, or decreased as a result of the injury.
Another study performed on healthy men found no effect of age in muscle carni-
tine levels, although the groups compared had average ages of 27 and 49 years.
Thus, a reduction in carnitine with advancing age cannot be excluded.146 There
may be a benefit of carnitine supplementation in older people but the available
data to date on this topic are also limited. Pistone and colleagues147 performed
a randomized placebo-controlled study in older men and women, 70 to 92 years
old, with muscle fatigue during daily activities. The group that received two
grams of L-carnitine twice daily for 30 days had decreased body fat mass,
increased lean tissue, positive changes in blood lipids, and less fatigue compared
to baseline and control subjects taking the placebo. There were no reported side
effects in the group that received L-carnitine.

Chromium is a trace mineral that has been shown to regulate insulin action
and therefore can affect glucose metabolism and blood lipids. As described by
Anderson,148 when dietary chromium intake is low, diabetes and cardiovascular
disease risk rise. Replacement of chromium to optimal levels has been shown to
improve glucose tolerance and diabetes and it was proposed that chromium
supplementation may stimulate muscle growth. Chromium supplementation is only
beneficial if pretreatment levels are suboptimal and if the duration of treatment con-
tinues for at least 3 months (Chapter 9).149–151

GROWTH HORMONE AND MUSCLE MASS

The involvement of anabolic hormones and growth factors have long been impli-
cated as regulators of sarcopenia because circulating levels of hormones such as
growth hormone (GH), insulin-like growth hormone-I (IGF-I), testosterone, and
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dehydroepiandrosterone (DHEA) have pronounced reductions with age. In this
section, the efficacy of hormone replacement for treatment of sarcopenia is
considered.

It has been shown in some studies that GH administration in healthy older
adults raises IGF-I levels and increases total body lean mass, muscle mass, and
strength.152–154 The effect of GH on muscle protein synthesis has been equivocal
with one study showing a large increase in elderly women after a month of use,153

while in another study there was no effect on muscle protein synthesis after
3 months of use of a slightly higher dose.152 An important finding has been that
the effects of GH on muscle anabolism are smaller when compared to resistance
training. Furthermore, when combined with a resistance-training program GH
replacement has shown little or no additional effect on gains in muscle size and
strength or muscle protein synthesis rate.87,88,155–158 GH use was discontinued in
some subjects due to undesirable side effects and therefore there is currently less
enthusiasm for GH replacement in older people compared to10 years ago. Still,
there may be some benefit to using GH to reduce abdominal fat in patients with
obesity. Franco and colleagues159 reported that obese women who were treated
with 0.67 mg GH/d for 12 months had reductions in abdominal fat and liver fat
content, resulting in improved insulin sensitivity. These women also experienced
an increase in leg muscle mass.

INSULIN-LIKE GROWTH HORMONE I AND MUSCLE MASS

Out of concern for the side effects associated with GH, there has been interest in
administration of IGF-I, which is largely responsible for anabolic actions of GH.
The presence of low levels of IGF-I in older women is associated with lower leg
muscle strength and reduced walking speed.160

Infusion of IGF-I stimulates an acute increase in muscle amino acid uptake in
humans.161,162 The stimulatory effect IGF-I on protein synthesis during systemic
infusion appears to be primarily in skeletal muscle compared to other tissues.163

There are limited data on the effect of IGF-I replacement on skeletal muscle.
A study performed in older women tested the effects of three doses given twice-
daily for 4 weeks.153 All three doses raised circulating IGF-I levels but only the
two highest doses resulted in increased whole body and muscle protein synthesis.
It was not reported if there were any changes in muscle strength or size, but some
of the subjects experienced undesirable side effects at the higher doses. This same
research team then studied a group of older women who took daily injections of
the lower dose (0.015 mg/kg body weight twice daily) for 1 year.164 Circulating
IGF-I levels were increased almost fivefold, which is in the normal range for
young women. However, there were no significant changes in lean mass or muscle
strength and the authors reported that they ended the study early as a result. These
findings suggest that neither GH nor IGF-I replacement may be viable treatment
strategies for sarcopenia.
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TESTOSTERONE AND MUSCLE MASS

The effects of testosterone replacement have been studied in men. Serum
testosterone concentration is associated with lean mass and muscle strength165 as
well as the capacity to improve strength in response to resistance training in middle-
aged and older men and women.166,167 Because of the importance and the controver-
sies regarding androgen replacement in men there are other more comprehensive
reviews available with varied opinions on the usefulness of this approach.168–170 In
older men with low baseline testosterone, administration of daily injections to
achieve levels comparable to young men has been shown to produce significant
increases in muscle strength in trials lasting 1 to 6 months171–173 and up to 36
months.174 The effect of testosterone treatment on muscle protein metabolism is
increased net protein balance, albeit through different mechanisms in different
studies. In older men who received testosterone for 4 wk171 and in younger hypog-
onadal men receiving testosterone for 6 months,175 there were significant increases
in muscle protein synthesis rate. In more recent studies lasting 6 months lean body
mass and muscle volume were increased in older men receiving weekly injections
of testosterone enanthate. No change in muscle protein synthesis rate was reported
in those latter studies but muscle anabolism was achieved through decreased rate
of protein breakdown.172,176 These men also had increased IGF-I expression and
decreased activity the ubiquitin–proteosome catabolism pathway, which may help
explain the reduction in protein breakdown rate.

Studies by Bhasin and colleagues177,178 have demonstrated that physiological
outcomes to testosterone occur in a dose–response manner in both younger and
older men. In their studies younger and older men with normal baseline testos-
terone levels were assigned to receive one of five doses of testosterone enanthate
for 20 weeks (25 to 600 mg/week) and endogenous testosterone production was
pharmacologically suppressed. The increase in body lean mass and leg muscle
strength was positively related to testosterone dose and was similar in young and
older men. The authors cautioned, however, that older men were more likely to
experience side effects such as increased hematocrit, leg edema, and prostate
problems, especially at the higher doses. Therefore, they suggested that the inter-
mediate dose of 125 mg/week might have the best clinical application since this
dose was sufficient to produce significant gains in muscle.

OXANDROLONE AND MUSCLE MASS

A related androgen that has shown some promise is the synthetic compound
oxandrolone. Oxandrolone is an analog of testosterone that can be taken orally and
appears to have greater anabolic and lower androgenic effects compared to testos-
terone.179 Five days of oxandrolone (15 mg/d) use in young healthy men results in
a significant increase in muscle protein synthesis180 and the normal stimulation
of protein synthesis rate by amino acid infusion is maintained.181 Schroeder
et al.182,183 reported that administering a dose of 20 mg/d for 12 weeks resulted in
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proportional increases in muscle strength and size and reduced abdominal fat.
When subjects were retested 12 weeks after stopping the oxandrolone use, fat
reduction persisted, but gains in muscle strength and mass were lost. This implies
that long-term use would be required to maintain benefits.

ESTROGEN AND MUSCLE MASS

Unlike the anabolic effect of testosterone replacement observed in men, estrogen
replacement in older women does not appear to have a beneficial effect on muscle
mass. Kenny et al.184 measured limb muscle mass in postmenopausal women aged
59 to 78 years who had been using estrogen for at least 2 years. Women who used
estrogen replacement had nearly the same prevalence of sarcopenia (23.8%,
defined as 2 SD below the mean of a young reference group) as women who did
not use estrogen (22.6%). Instead, the primary predictors of sarcopenia were
BMI, muscle strength, and serum testosterone concentration. Other reports
suggest that estrogen may provide some anabolic effects on muscle, but if so, the
consensus is that this occurs through its conversion to testosterone.185

DHEA AND MUSCLE MASS

DHEA, produced primarily by the adrenal gland, is a weak androgenic steroid
precursor for estrogen and testosterone and has the highest circulating concentra-
tion of any hormone in humans.186 DHEA levels peak at age 20 years and then
decline continuously during the adult lifespan leading to speculation that it may
be somehow linked to a variety of age-related changes in body function.187

Despite the fact that DHEA is a steroid precursor, not available in the human food
chain, and is banned from use by international athletes out of concern that it may
influence performance, the United States Food and Drug Administration removed
restrictions on its commercial sale in 1994 following the passage of the Dietary
and Supplement Health and Education Act. Although specific claims are not
supposed to be included as a marketing tool for “nutritional” products, DHEA is
widely touted as a potential antiaging compound, is widely available in shops,
and more than 400,000 internet websites have some mention of DHEA.187

Whether DHEA replacement has any beneficial effects is far from clear.
Until recently it has been difficult to determine if DHEA has any inherent bio-
logic activity of its own or if it serves only as a precursor for other compounds.
A specific DHEA receptor has not yet been identified, although evidence of
binding activity and postreceptor signaling events has been shown in muscle and
vascular epithelial cells.188 Such observations have helped keep enthusiasm for
the potential benefit of DHEA replacement high. Further interest in DHEA
replacement arose from early studies in which rodents were given supraphar-
macologic doses, resulting in some positive changes in body composition and
modest improvement of longevity in short-lived mouse strains.186 However, the
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relevance of DHEA studies in rodents has been sharply questioned because
rodent adrenal glands do not produce DHEA and circulating levels are much
lower than in humans.221,222

To date there is little or no evidence of beneficial effects of DHEA adminis-
tration on skeletal muscle in humans. When young men performed an 8-week
resistance training program, subjects who took a daily 150 mg dose of DHEA had
no increase in serum testosterone and muscle strength improvement was not dif-
ferent from subjects given a placebo.189 One could reason that the benefits of
DHEA might be expected to be small in young men because endogenous DHEA
levels are already at relatively high levels. However, muscle mass and strength
were not increased in most of the clinical trials that have been conducted in older
people.187 One exception was a trial in which 16 men and women, aged 50 to
65 years, received 100 mg DHEA per day for 6 months.190 In that study, there was
a 6% decrease in body fat and a 15% increase in leg muscle strength in men only;
in women body composition and muscle strength were unchanged, but women
did have a 2% increase in body mass. Although intriguing, these findings need
to be replicated in carefully controlled trials with larger numbers of participants
followed beyond 6 months.

There may be beneficial effects of DHEA on other body tissues and functions
besides muscle. Recently, it has been reported that DHEA administration (50 mg/d)
for 6 months can decrease abdominal fat and increase insulin sensitivity in older
people.191 Likewise, DHEA replacement at 50 mg/d for 12 weeks in hypoadrenal
women, who have an absence of basal DHEA production, has been shown to
improve insulin-mediated glucose uptake.192 These effects may be because of
the action of DHEA on fat cells as it has been shown in cell culture studies
that human adipose cells exposed to DHEA show increased glucose uptake via
signaling mechanisms that appear to be distinct from insulin.193

DHEA replacement may also have a role in restoring the balance between
circulating DHEA and cortisol. In some people DHEA levels fall with age more
than cortisol, and in older people treated with glucocorticoids for inflammatory
conditions the DHEA-to-cortisol ratio can also decrease, creating a potentially
catabolic hormonal milieu.194 When older people were given a high dose of
DHEA (200 mg/d) for 4 weeks, both mean and peak 24-h cortisol levels were
reduced.195 When older men with partial androgen deficiency used a smaller dose
(25 mg/d) for 1 year, there were increased levels of several hormones, including
serum GH, IGF-I, and testosterone, but cortisol levels remained unchanged,
therefore creating a large shift in the DHEA-to-cortisol ratio. In this latter study,
indices of body composition were not reported but there were improvements in
mood, fatigue, and joint pain.196

As a final note on hormone replacement, there appear to be some potential
benefits in selected patients, especially in those with clearly defined hormone
deficiencies. Effects on skeletal muscle mass and function in older people
have been mixed, with testosterone showing the most frequent positive effects.
However, as recommended in other recent reviews,168,197 when interpreting existing
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data one must consider that most of the randomized, controlled trials to date have
been performed in relatively healthy people. Positive effects on overall health and
function in older men may be small and side effects are dose dependent.168

Ongoing and future clinical trials will need to carefully monitor long-term safety
issues and determine when hormone replacement is most warranted.

SUMMARY AND RECOMMENDATIONS

The prevalence of sarcopenia increases with age and is closely associated with
risk for obesity, physical disability, and falls. Identifying at-risk individuals can
be done through assessing muscle mass and strength using body composition
measurements and clinical exam testing.

Better understanding of the mechanisms that regulate the decline in skeletal
muscle size, strength, and oxidative capacity will translate into clinical recom-
mendations to break the “vicious loops” that interconnect sarcopenia with
malnutrition, loss of body protein reserves, reduced protein synthesis, neuromus-
cular impairment, fall and fractures, and immobilization in a type of feed-forward
progression.198

The most effective means of maintaining or increasing muscle mass and func-
tion is through exercise: resistance training for improving size and strength, and
aerobic training for improving oxidative metabolic function. Nutrition is neces-
sary both to repair exercising muscles and protect muscle from oxidative damage
potentially induced by exercise. While exercise and nutrition both alter the
hormonal environment, there may be a role for exogenous hormone treatment as
well, to restore age-appropriate physiologic hormone levels.
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INTRODUCTION

Muscle strain is the stretching or tearing of muscle fibers, usually at the musculo-
tendinous junction. Strain occurs when biomechanical forces are in excess of what
the muscle–tendon unit can bear. Sometimes strain of the muscle-tendon is the direct
result of biomechanical loading of extreme or repetitive forces. At other times the
muscle-tendon unit is weak, unable to withstand even small forces. Injuries to the
rotator cuff, for example, occur in baseball pitchers following extreme forces, and in
the elderly with sarcopenia and degenerating tissues, forces so minor the patient is
not able to recall when it happened. Irrespective of person and force, strain launches
a body response of pain, swelling, tissue da age, and inflammatory cascade.

Molecular methods show that many techniques reduce the inflammation and
tissue-damage of muscle strain. These include surgery, medications, physical ther-
apy, osteopathic manipulation therapy, chiropractic, acupuncture, and nutrition.
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Combining techniques provides additional and sometimes synergistic benefit in
reducing pain, tissue damage, and inflammation. Combining techniques to
improve healing is particularly relevant to muscle strain, since strain occurs fre-
quently1 and often during fitness pursuits. Muscle strains can take a long time to
heal and are a major reason for occupational time-loss.2

BIOMECHANICS

A strain of the tissue ensues with the muscle fibers being stretched beyond the
physiologic limit resulting in muscle fiber destruction.3 Disruptions that interrupt
the alignment of the myofilaments interfere with the tension-gathering ability of
these contractile elements.4 The muscle–tendon unit then gives way at its weakest
point, often the musculotendinous junction.1,2 Figure 19.1 depicts the stress–
strain curve for a muscle–tendon tissue. The range at which the stress and the
tissue length are linear is the elastic range. If the stress to the tissue is released
within the elastic range, the stretched tissue will return to prestretch length with-
out any permanent deformation. Beyond the elastic range is the plastic range of
the stress–strain curve, which is not linear, because tissue has an ability to elon-
gate under stress and the capacity to realign the collagen fibrous networks within
these tissues.5 If stress is maintained into the plastic range, the tissue permanently
deforms and returns to a new resting length. If the load is maintained beyond the
plastic range, tissue strain occurs and soon after tissue failure will ensue.

Stress applied to tissues can occur as a single episode or cumulatively as in
repetitive strain and overuse injuries. A single episode causing acute injury is the
most common type of strain injury seen in athletics. A common mechanism
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of this type of strain injury occurs when the entire muscle–tendon system must
dissipate the stored energy forces within a muscle when decelerating a body
segment. If deceleration forces exceed the capabilities of the muscle, injury to any
part of the system, including the muscle or tendon, can occur.6 Strains most com-
monly occur in biarthrodial muscles, those which cross two joints and produce
and control motion at both joints. The most common biarthrodial muscles
strained are the hamstrings, quadriceps, and the gastrocnemius muscles.7

When repeated or sustained force is applied in either the elastic or plastic
range of the stress–strain curve, it can damage the muscle tendon unit. Tendons
that commonly suffer repetitive injury are the rotator cuff, achilles and patellar
tendons, extensor carpi radialis brevis, adductor longus, long head of the biceps
muscle, tibialis posterior, and flexor hallicus longus.7 Overuse injuries occur most
frequently with sustained postures and eccentric muscle contractions. Eccentric
contraction is a type of dynamic muscle loading where muscle tension develops
while the muscle is lengthening. The increase in strain injuries with eccentric
loading may be due to the significantly greater force produced by eccentric con-
tractions as compared to concentric or isometric contractions.6,8 Because of
maximal muscle force being generated during eccentric work, damage to the
contractile components of the muscle fibers decrease force generation capability
and the perception of soreness often results.6 Overuse injury involves histopatho-
logical changes in eccentric muscles, including engorgement of muscle cells,
increased fibroblastic activity, production of collagen and ground substance, and
infiltration of inflammatory cells.9

TISSUE RESPONSE TO BIOMECHANICAL FORCES

Tissue injured by biomechanical forces becomes inflamed. Clinically, the pres-
ence of inflammation is noted by swelling, erythema, increased temperature, pain
and reduced function. At the cellular level, macrophages migrate to the site of
injury to remove necrotic debris, thereby preparing the zone of injury for tissue
restoration. Inflammation consists of tissue edema, fibrin exudation, infiltration
of the inflammatory cells such as neutrophils, monocytes, and macrophages,
production of fibronectin, capillary wall thickening, and capillary occlusions.10

Muscle precursors called satellite cells are activated to redevelop normal muscle
structure.11 Activation of macrophages by phagocytosis results in the synthesis
of several important proinflammatory cytokines2. Cytokines increase vascular
permeability, attract additional mononuclear cells to the injury site, lead to lym-
phocyte proliferation and differentiation, and stimulate additional release of
proinflammatory cytokines. Neutrophils release free radicals as part of the host
defense, also leading to ischemia-related tissue injury.9 Complex coordinated
vascular, cellular, and chemical events control the inflammation process, which
finally results in tissue regeneration and repair, or in the less optimal scenario,
chronic degenerative tissue and scar formation.10
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Editor’s Note

Patients recover more quickly from muscle strain when medicine, nutrition, and
structural health techniques are used together. Quick recovery enables patients to
resume physical activity quickly and more safely, return to work sooner, reduce
the risk of injury recurrence, and minimize the need for pain medications.

PHYSICAL THERAPY

Physical therapy treatments for muscle strain are phase dependent. Physical therapy
classifies rehabilitation of muscle strain as follows: acute, subacute, advanced
strengthening, and return-to-function.8,25

ACUTE PHASE

Management in the acute phase, which lasts up to 4 days, focuses on curtailing
cell death by minimizing the amount of acute inflammatory exudates. Certain
modalities have been advocated for use during the acute phase of healing for their
ability to minimize active inflammation.

The application of ice in the treatment of acute injury was first mentioned by
Hippocrates around 400 B.C. and has been widely used ever since. As tissue tem-
perature decreases, cutaneous receptors are stimulated exciting the sympathetic
adrenergic fibers to constrict local arterioles and venules. Vasoconstriction leads
to decreased rate of metabolism, production of metabolites, and decreased
oxygen requirements, thereby limiting the extent of the injury to uninjured
tissues.7 Bleakley et al. performed a systematic review of randomized controlled
trials of cryotherapy treatment for acute soft tissue injury.12 Few studies in his
review assessed the effectiveness of ice on closed soft tissue injury and no studies
discussed the optimal mode of delivery or duration of treatment.

Merrick reviewed multiple studies demonstrating that high-voltage pulsed
electrical stimulation limits edema in animal models. Theories on electrical
stimulation’s anti-inflammatory effects stem from the concept that the electrical
current combats the vasodilation of the capillaries during the initial influx of
acute inflammatory exudates.13 It has also been proposed that electrical stimula-
tion may improve the pumping action of the muscles which, in turn, improves
venous return.13,14 Pulsed ultrasound is also a common treatment for acute
muscle strain. Pulsed ultrasound uses acoustic energy beyond audible range
emitted in such a fashion to minimize thermal effects of the ultrasonic energy.
Theoretically, pulse ultrasound can stimulate soft tissue repair early after an
injury when, due to active inflammation, a thermal effect is not desired.13 Soft
tissue repair occurs with ultrasound via increased cell membrane and vascular
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permeability, increased extensibility of connective tissue, enhanced absorption
of interstitial fluid, stimulation of tissue regeneration, and release of histamine
from the mast cells by degranulation, which is particularly helpful in the first
72 h postinjury.5,14 Low-power laser therapy, or “cold” laser, has gained popularity
as an early intervention treatment with muscle injury.15 “Cold” lasers, named
such because thermal effects are considered minimal, have a maximum output
of less than 50 mW and are commonly used in the treatment of soft tissue
injuries. Cold lasers of varying intensity may reduce pain and muscle spasm,
increase mitochondrial activity, elevate blood cortisol levels, decrease edema,
and improve collagen formation.16 All of these effects may increase the rate of
tissue healing. An immediate analgesic effect may be noted in the treatment of
acute conditions. Beckerman et al. performed a criteria-based meta-analysis
of randomized controlled trials of the efficacy of laser therapy and reported the
efficacy of laser therapy for musculoskeletal disorders seems, on average, to be
larger than the efficacy of a placebo treatment. More specifically, for myofascial
pain among other conditions, laser therapy seems to have a substantial specific
therapeutic effect.15

SUBACUTE PHASE

The subacute phase of connective tissue healing begins as inflammation
decreases, fibrous clot resolution begins, and repair of the injured site is initiated.
The hallmark of this healing stage is the synthesis and deposition of new colla-
gen fibers. Initially, the collagen fibers are small and randomly aligned, and grad-
ually larger bundles of fibers in more parallel alignment are formed.5 Growth of
capillary beds into the injured area takes place, improving transportation of nutri-
ents for development of new collagen tissue. Fibroblastic activity, collagen for-
mation and granulation all strengthen the damaged tissue enough for controlled
stress to be initiated. At first the connective tissue produced is thin, fragile, unor-
ganized, and easily injured if overstressed.8,13 Yet, if insufficient force is applied,
the newly formed fibers can stay in a randomized fashion, increasing the chance
of scar formation. The development of scar formation and localized fibrosis may
be a factor in the propensity for reoccurrence of previous strain injury.17

Treatment in the subacute phase focuses on facilitating the synthesis and
deposition of collagen in a nonrandomized fashion and preventing development
of adhesions within the connective tissue. As the subacute phase progresses, treat-
ment focuses on increasing the length of the muscle, increasing surrounding joint
mobility, increasing the overall strength of the connective tissue and ultimately
preparing the tissue for more complex activities associated with the advanced
strengthening and return to function phases.13

Modalities considered beneficial during subacute muscle strain healing
usually increase tissue temperature. Raising tissue temperature increases arte-
riolar dilation, decrease blood viscosity, and increase permeability of capillary
membranes. Clinically, tissue heating decreases pain and increases extensibility
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of the muscle tendon unit, thereby increasing tolerance to muscle stretching, joint
manipulation and therapeutic exercise.

Thermal agents can be divided into superficial and deep heating modalities.
Superficial heat modalities, including hot packs, paraffin, fluidotherapy, and
infrared radiation, are widely used in the treatment of soft tissue injury both for
pain reduction and tissue healing qualities. Clinically, superficial heat is com-
monly used to relieve pain, subdue muscle spasm and prepare the tissues for
further treatment such as manual physical therapy (i.e., joint or soft tissue
manipulation, manual muscle stretching) or therapeutic exercise. Deeper heating
modalities include continuous ultrasound and diathermy. Therapeutic ultrasound
is administered as a continuous sound wave, which produces kinetic and thermal
energy. Ultrasound enhances chemical reactions, increases membrane permeabil-
ity, deforms the molecular structure of loosely bonded substances, and increases
the extensibility of tendons.18 Diathermy is a deep heating modality which uses
shortwave electromagnetic energy to increase tissue temperature. Diathermy’s
advantage over ultrasound is that it can be used to treat a large surface area such
as a hamstring. Hecox et al. reported several studies showing increased stretch
following muscle heating by use of shortwave diathermy.14

Soft tissue manipulation is a useful intervention for a muscle strain in the sub-
acute phase of healing. Soft tissue manipulation is defined as the forceful passive
movement of the musculofascial elements through its restrictive directions. Soft
tissue manipulation during this phase of muscle healing relieves pain, releases
muscle spasm or tension, stretches abnormal fibrous tissue, releases fascial adhe-
sions, increases blood flow, and restores structural harmony and balance.19

Muscle energy techniques and proprioceptive neuromuscular facilitation are
two such examples. Mechanical tension and manual compression of the muscle
enhances tissue remodeling, stimulates collagen synthesis, increases tissue
strength, and helps to align the repair cells and collagen fibers. Lack of tension
leaves the repair tissue cells and matrix disoriented. Biomechanical testing shows
accelerated recovery of tissue strength in mobilized muscles.2 This is important
when one considers that, despite an average muscle strain appearing to be
resolved after 2 to 3 weeks of physical therapy, recent evidence shows that there
is still ongoing muscle regeneration in the presence of mature scar tissue forma-
tion.20 Scar tissue at the musculotendinous junction may be responsible for the
increased risk of reinjury during the early postinjury period and it has been
proposed that treatment should aim to minimize the scar tissue formation.21

Another manual treatment that may be implemented during the subacute
phase is joint manipulation. Whereas soft tissue manipulation addresses adhe-
sions in the musculofascial tissue, all intensities of joint manipulation (grades
I–V) can be used to stimulate joint nutrient circulation and release joint adhesions
secondary to disuse of the tissues since onset of injury. Grades I and II manipu-
lation move the joint through the beginning of the range of motion not aiming to
deform the joint capsule but rather to stimulate nutrient flow through the avail-
able range of motion. Grades III–V manipulation move the joint to the end range
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of motion and beyond the end range with intention to stretch the joint capsule and
cause increased joint range of motion. There is some evidence all grades of joint
manipulation also result in firing of sensory receptors and release of endorphins
which may cause local skeletal muscle tissue relaxation providing pain relief and
increased freedom of movement. Joint manipulation also allows water and other
nutrient delivery to a joint unable to travel through its full range of motion
secondary to a local strained muscle.22

ADVANCED STRENGTHENING PHASE

During the advanced strengthening phase intensity, the strengthening exercises can
increase and strength imbalances can be prevented. Strength imbalances can be pre-
cipitated by injuries and are associated with reinjury. For example, preseason ham-
string weakness has been identified as a risk factor for hamstring muscle strains in
soccer players.23 Strength imbalance was also found to be a risk factor to lower
extremity injuries in female collegiate athletes.24 Strength training involves adapta-
tions in all fiber types and improves firing of motor neurons for more synchronous
muscle activation, described in the return-to-function phase. The maximum per-
centage of an injured muscle’s fibers that can be firing at the same time ranges from
60 to 90%. The percentage correlates with the degree of strength training the
muscle has undergone.2 During the subacute phase, newly formed connective tissue
is fragile. This is demonstrated by Nikolaou et al. who report a 50% decrease in
contractile ability following a controlled strain injury in animals.17 Another factor
to consider when applying therapeutic exercise to a healing muscle strain is the
statistically significant decrease in the percent length increase to rupture (79%) and
peak load (63%) sustained by the muscle when compared to a healthy control.1

RETURN-TO-FUNCTION PHASE

The principle behind the return-to-function phase is regaining agility, coordination,
and proprioception. Kinetic chain strengthening entails viewing muscles as a
complete system requiring coordinated action to produce precise movement. For
athletes, abrupt movements such as hopping, jumping, and bounding, known col-
lectively as plyometrics, use the kinetic chain to further strengthen the healing
tissue while preparing it for demands associated with the patient’s goals.25 For
example, a basketball player healing from a gastrocnemius muscle strain may
begin performing jump shots as an exercise in this phase. The return-to-function
phase also uses the kinetic chain concept to strengthen nonathletes. For example,
a construction worker who sustained a strain to his or her rotator cuff may begin
to lift objects as an exercise in this phase. Muscles at the center of the body pro-
vide a stable base of support and generate force. Energy is transmitted to more
peripheral muscles successively. Retraining the afferent pathways is critical for
shortening of the time lag of muscular reaction to counteract the excessive strain
on the passive structures and guard against future injury.26
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Table 19.1 summarizes the physical therapist’s approach to injury of the
muscle–tendon unit. Once the recovered muscle has full range of motion, full
strength, and can participate as an active member of the kinetic chain, the patient
can gradually resume full participation in his or her desired activities. It should
be noted that when a patient appears to have met the criteria for full participation,
basic science studies show us that healing is much slower than our clinical find-
ings would indicate and the patient must be educated they are temporarily at
increased risk for reinjury.20

OSTEOPATHIC APPROACH

Osteopathy emphasizes that the condition of the musculoskeletal system is fun-
damental to the health of the whole being. Osteopathy also focuses on the body’s
self-healing capacity. The training curriculum for doctors of osteopathic medicine
(D.O.) is similar to that of doctors of medicine. Additionally, D.O. training
includes osteopathic manipulation therapy (OMT). OMT is a hands-on method to
treat musculotendinous strain and to assist in restoring balance to the muscu-
loskeletal system. This therapy, like chiropractic, involves manipulation of the
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TABLE 19.1
Summary of physical therapy treatments of muscle strain

Phase Time Modalities and techniques Treatment goals
postinjury

Acute 1 to 4 days Cryotherapy, electrical Decrease inflammation through
stimulation, ultrasound, vasoconstriction, decreasing
laser therapy permeability of the capillaries,

stimulation of release of
histamine from the mast cells

Subacute 4 to 21 days Superficial heat modalities, Increases rate of tissue healing;
laser therapy, electrical increase strength and length of
stimulation, ultrasound, newly formed tissue; initiate
diathermy, soft tissue and muscle balance and
joint manipulation, muscle coordination
energy, and proprioceptive
neuromuscular facilitation

Advanced 22 to 360 Therapeutic exercise, Increase strength/energy
strengthening days proprioceptive exercise, generating capabilities of
and return-to- plyometrics individual muscle and entire
function kinetic chain; regain agility,

coordination and
proprioception; activity-based
strengthening
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entire body including all joints and soft tissue. Osteopathy asserts that the
neuromuscular system is functionally and inextricably linked with all body
systems via neural and humoral pathways.28

Osteopaths view acute and chronic musculotendinous strain as an imbalance
of the neuromusculoskeletal system and refer to this injury as somatic dysfunc-
tion. The presence of normal passive motion in one direction of one plane of
motion and resistance in the other is presumptive evidence of somatic dysfunc-
tion.27 In addition, there may be changes in tissue texture and temperature, dimin-
ished range of motion, and asymmetry of the affected region. Acute ankle sprain
is an example of a common musculotendinous injury where OMT has been
shown to be beneficial. In a recent study, patients with acute ankle injuries were
randomized to OMT or no OMT. Those receiving OMT demonstrated clinically
significant improvement in edema and pain. On follow-up, patients in the OMT
group had significant improvement in ankle range of motion over the control
group.29

Osteopathic techniques may be classified as direct or indirect. This classifi-
cation refers to a restrictive barrier which can be defined simply as a zone of
restricted movement.30 Direct techniques engage the restrictive barrier by posi-
tioning the patient’s somatic dysfunction in the direction of the restrictive barrier.
Indirect techniques involve positioning away from the restrictive barrier. Indirect
techniques are gentle and effective for acute strain or injury because the tissues
are being moved in the direction of freedom, and release of restriction is by
inherent forces, not those imposed by the physician. Examples of direct techniques
include soft tissue, articulation, myofascial, muscle energy, and thrust techniques.
Examples of indirect techniques are counterstrain or positional release, Sutherland
ligamentous release, and unwinding. Direct and indirect techniques may be used
in combination.

The cascade of inflammation that occurs in musculoskeletal injury is neces-
sary for tissue repair. However, neurogenic inflammation occurs when nerve end-
ings at the site of trauma release neuropeptides to the spinal cord and local tissue,
thereby perpetuating a cycle of inflammation. Neurogenic inflammation at this
stage is a homoeostatic mechanism gone awry.31 “A noxious stimulus, such as a
muscle strain, triggers the release of a neuropeptide, substance P (SP), from
the peripheral terminal of the primary afferent nocieceptor (PAN). SP triggers the
release of histamine from the surrounding mast cells, prostaglandins from the
capillary endothelial cells, and the formation of bradykinin from the plasma pro-
tein preprobradykinin. White blood cells migrate to the tissue and release pro-
inflammatory cytokines. Many of these substances are capable of triggering
increased activity of the PAN and further secretion of neuropeptides. Thus a feed
forward situation is established, leading to edema in the local tissue with sensiti-
zation of the PAN.”32 PAN activity contributes to hyperalgesia and lowered
threshold for pain at the injured site. Nociceptive information processed by spinal
neurons is relayed upstream to the brainstem and thalamus en route to the cere-
bral cortex. The arousal system of the brainstem is activated through the reticular
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activating system. This in turn initiates a strong systemic sympathetic nervous
system response along with the hypothalamic–pituitary–adrenal axis causing
release of catecholamines and adrenal cortical steroid hormones. Norepinephrine
and cortisol in turn modify the release of various cytokines by the immune
system. The cytokines can interact at the spinal cord level to alter pain thresholds
and in the brain to alter the function of this neuroendocrine-immune network.
This feedback loop between the site of somatic dysfunction and the central nervous
system is the basis for spinal facilitation.

Spinal facilitation is a state of over-excitation of the spinal cord central motor
neurons. It occurs at the level in the spinal column corresponding to the region of
somatic dysfunction. It is measurable by electromyography.33 Spinal facilitation
perpetuates neurogenic inflammation at the injured site and may delay healing.
OMT can interrupt the cycle of spinal facilitation and promote healing.

Reflex sympathetic dystrophy, also known as complex regional pain syndrome
(CRPS) is a clinical example of how muscle strain can precipitate neurogenic
inflammation with resultant spinal facilitation. CRPS is characterized by pain,
exaggerated response to minimal stimulus, and autonomic dysfunction resulting in
excessive sweating, swelling, and temperature differences at the injured site.34

OMT can be applied to the affected spinal segments to interrupt spinal facilitation
and neurogenic inflammation triggered by the initial extremity muscle injury. A
case study published in the Journal of Orthopedic Sports Physical Therapy
demonstrated immediate improvement in a patient with CRPS after vertebral
manipulation. The patient experienced improvement in hand temperature and
sweating, reduction in pain, and increase in shoulder range of motion.35

In summary, the goals of osteopathic intervention are to alleviate pain by cor-
recting bony alignment and soft tissue strain, to improve circulation to and from
the injured site including lymphatic, venous, arterial, and neural pathways, and to
restore optimal physiologic functioning of the entire patient.

ACUPUNCTURE

Acupuncture is performed in the context of a larger total body treatment. Most
Western trained traditional Chinese medicine acupuncturists are not trained to
undertake rigorous physical examination of their patients, assuming most issues
are internal imbalances of the organs.36 Japanese acupuncturists focus on
palpation as the main diagnostic tool. Japanese-style acupuncture can be applied
to various muscle strains.

The acupuncturist is taught to diagnose by listening, seeing, hearing, and feel-
ing. Acupuncturists examine the 20 muscles involved in shoulder movement and
carefully map myofascial constriction, with particular attention to tender points.
This, in combination with the patient’s history of the incident, provides informa-
tion about the progress of dysfunction, that is, the predictable cascade of injury
weakened muscles requiring associated muscle systems to act in movement
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which cause them to weaken and incur trauma.37,38 Tender points have many
different presentations from feeling like twisted fibers of macaroni to grains of
sand under the skin. The size of the tender points can vary from very fine grains
to knots; associated inflammation can reduce their definition.

Needling sensitive points was first described in the fifth century by Sun
Si-Miao, who referred to them as Ah-Shi points.38 The Chinese texts describe the
Shi point as any point where the patient expresses discomfort upon the applica-
tion of pressure. The Japanese use the idea of kori points to describe areas of
myofascial constriction that can be felt by the practitioner although they may or
may not cause discomfort. The Japanese consider kori a blockage to lymphatic
drainage, nervous conduction, venous and arterial circulation. Travell and Simons
called tender points trigger points (TrPs) and defined them as points of hyperirri-
table tissue, that when compressed may be tender or refer pain and tenderness,
autonomic phenomena, and disturbance of proprioception.39,40 Seem describes
how unblocking the qi by dispersing the Shi point with acupuncture produces the
same response as myofascial release.36

Four ways that TrPs generate nociceptor activity are: (1) trauma (the subjec-
tion of a muscle to high intensity stimulation, either direct injury or repeated
overloading); (2) anxiety or chronic stress (the holding of a group of muscles per-
sistently contracted due to sympathetic nerve over activity); (3) radicular com-
pression (the result of spinal nerve root entrapment and seen in cervical and
lumbar disk prolapse); and (4) muscle wasting.41

When TrPs become active, they release calcitonin from the nociceptor sen-
sory afferents. This in turn causes excessive release of acetylcholine from dys-
functional motor endplates causing marked contraction and contraction knots as
identified by Simons and Stolov in 1976. The pain developing from active TrPs
is the result of activation and sensitization of Group IV nociceptors. Nociceptors
are activated and sensitized by either a high intensity noxious stimulus of a Group
IV sensory afferent resulting in the propagation of potentials, or the release of SP
and calcitonin which has a vasodilatory effect, causing edema and algesic
vasoneuroactive substances such as bradykinin, serotonin, potassium ions, and
histamine to be liberated. Bradykinin may also be responsible for sensitizing
nociceptors and lowering of their threshold to high intensity and low intensity
innocuous stimuli. Bradykinin also affects the release of prostaglandins which
have a strong sensitizing effect on nociceptors. It is the sensitization of the noci-
ceptors that makes TrPs sensitive to direct pressure.41

In 1972, during a goodwill mission by President Nixon to China, the
President’s personal physician, Walter Tkach, observed and later reported on the
use of acupuncture analgesia. Scientists have worked diligently to understand
the mechanisms of superficial dry needling (SDN) in producing analgesia. The
study of acupuncture analgesia lends itself to scientific observation and has
provided the opportunity to unravel some of the body’s responses to SDN. Much
more can be learned and, importantly, acupuncture analgesia is just a small part
of a much larger Asian medical tradition.
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Studies have correlated electro-acupuncture (EA), low frequency/high
intensity, with the release of endogenous opioid peptide (EOP) in the cere-
brospinal fluid and pain relief. EA stimulation results in the release of met- and
leu-enkephalin and dynorphins at three sites; the dorsal horn, the midbrain,
and the hypothalamus/pituitary complex. In the dorsal horn, EA applied to A and
Types II and III muscle sensory afferents causes EOP release and the blocking of
any information generated by C and unmyelinated Type IV muscle sensory affer-
ents. In the midbrain, an enkephalin release activates the serotoninergic-mediated
pain inhibitory system. And in the hypothalamus/pituitary complex, EA causes a
release of adrenocorticotrophic (ACTH) hormone.41

The needling of TrPs results in release of spinal segmental endorphins. This
explains why needling LI-4, found in the first interosseous muscle, provides anal-
gesia for facial pain and not the abdomen. Needling specific acupuncture points
provides highly correlated results, for example, Types II and III fibers provide
total-body effect as EOPs are released from the midbrain and pituitary. In the
ACTH-directed release of cortisol, acupuncture generates an anti-inflammatory
effect on tissues, as well as a bronchodilator effect.42 Research continues to pro-
vide insight into thousands of years of observations documenting the response to
and use of acupuncture techniques.

A recent application of this ancient tradition is using electric stimulation on
kori points. Electrical measurement shows that acupuncture points have electrical
resistance lower than the surrounding skin. Points are real and they are not nec-
essarily features of the body’s nervous system.38 Science has yet to identify the
existence of meridians, which may be described as an early myofascial map.36 In
1982, Macdonald described how 85% of his patients with chronic musculoskeletal
pain and no knowledge of meridian systems were able to draw precise tracts of
specific meridians.41

Complex myofascial patterns of constriction are common in neck and shoulder
injury. Travel and Simons suggest the practitioner first correlate subjective expe-
riences of shoulder pain and discomfort reported by the patient with the TrPs
causing the pain. Palpation of the TrPs prior to therapy will often allow the patient
to validate the existence of the referral pattern prior to therapy. While TrPs may
appear in patterns of multiple muscles, single muscle patterns of the extensor
carpi radialis brevis are common. TrP referal to the epicondyle results in tennis
elbow. If the TrPs refer to the attachment point on the third carpal, it can send pain
to the back of the wrist and hand, a feeling of tightness, burning on the extensor
side of the forearm, and if the shortened muscle traps the radial nerve it may
cause numbness and tingling in the hand, common in computer users. A painful
shoulder is generally the result of soft tissue damage in the area of the glenohumeral
joint or primary TrPs in related muscles groups. Soft tissue disorders of the gleno-
humeral joint may have been diagnosed by a medical doctor as rotator cuff ten-
donitis, subacromial bursitis, bicipital tendonitis, and capsulitis. Acupuncturists
describe chronic shoulder pain as a combination of primary TrP activation and
secondary activation from chronic pain, guarding, lack of movement, faulty
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posture occurring in the neck, shoulder girdle, upper arm, and anterior and
posterior axillary folds. The longer arm and shoulder movement is restricted the
higher the likelihood of capsulitis (frozen shoulder). A middle-aged woman
developed capsulitis following an injury to her left shoulder. She received two
cortisone shots and 10 weeks of physical therapy. With persistent pain, guarding,
decreased shoulder range of motion, and disturbed sleep she consulted an
acupuncturist. TrPs were mapped in the muscles of the rotator cuff and neck.
Six acupuncture treatments focusing on TrPs were provided including electro-
stimulation over an 8 week period, which resulted in full recovery of range of
motion and no residual pain.43

In summary, acupuncture promotes pain relief and relaxation in single muscles
as well as entire areas. Sympathetic hyperactivity responds to stimulation–
relaxation of smooth muscle in associated areas, supporting muscle health gener-
ally by relieving vasospasm and lymph constriction.36

NUTRITION

Nutrition plays a role in preventing tissue breakdown and inflammation, thereby
reducing pain and preserving strength. Strategic nutrition can also strengthen the
muscle-tendon unit and improve biomechanics. For nutrient delivery, muscle
strain resembles a traffic jam. Egress of lactic acid, inflammatory debris, and
exuded extracellular fluid is impaired. Transport of oxygen, electrolytes, glucose,
protein, and antioxidants into the injured region is similarly impaired. The previ-
ously described approaches to structural health improve nutrient import and toxin
export of strained muscles. Nutrition interventions are generally whole body
interventions, equipping the body to triage nutrients to the site of injury.

Muscle strain can occur during physical activity, a time when the body is
depleting glycogen stores, protein stores, and water. Glycogen is the major fuel
of muscle activity. The body replenishes glycogen stores most quickly in the
2 h following muscle damage, provided that dietary carbohydrate is available.
Skeletal muscle breakdown from muscle strain can be intensified by inadequate
dietary protein. One amino acid, l-creatine, has been found to be beneficial in
reducing cell damage and inflammation after long distance exercise.44 Hydration
promotes muscle recovery, and sodium increases water absorption and intake into
the cells. Since sweat reduces sodium, sometimes salt replacement is needed
(Chapter 8). Carbohydrate enhances water absorption, especially when glycogen
is depleted (Chapter 5).

Muscle strain is associated with oxidative stress and therefore increased
antioxidant demand. The body has a reserve of diverse antioxidants as described
in Chapter 7. Dietary supplementation with antioxidants can be beneficial if
antioxidant stores are depleted. Whey protein has the amino acids needed to syn-
thesize the peptide glutathione, an aqueous-phase antioxidant of high potency.
Therefore, whey protein may provide essential amino acids for both muscle
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protein synthesis and glutathione synthesis. One particular antioxidant, vitamin C,
is also needed for muscle formation.45 Extreme deficiency in vitamin C led to a
medial head tear of the gastrocnemius in a 22-year-old man.46 Repleting vitamin C
improves clinical response to healing musculoskeletal strain.46,47 Fruits and veg-
etables are good dietary sources of vitamin C and other antioxidants, and they are
also alkalinizing. Since muscle strain is a state of regional metabolic acidosis, in
theory, dietary and nutritional supplement selections which are alkalinizing could
be advantageous to healing. Patients can test for both vitamin C and pH with urine
dipstick tests described in Chapter 25.

Omega-3 essential fats, such as those found in fish oil, are incorporated into
the cell membrane where they modulate the inflammatory cascade. The Western
diet is associated with low total omega-3 intake, low intake of omega-3 with
respect to omega-6 and consumption of trans fats. Restoring omega-3 concentra-
tions, the balance between omega-3 and omega-6 fats and the absence of trans
fats improves recovery from muscle strain.

Using the aforementioned knowledge of antioxidants and essential fats,
researchers at the University of Florida developed a dietary supplement contain-
ing mixed tocopherols (various forms of the antioxidant vitamin E), flavonoids
(plant-derived antioxidants) and DHA (an omega-3 essential fat). The supplement
was given to the test group during a 14 day experimental protocol, which induced
an acute phase injury via eccentric arm curl exercise. Both groups experienced
injury as evidenced by increases in CK, LDH, pain and decreased range of motion
3 days after the exercise. At day 10, the placebo group had significantly greater
increases in IL-6 and C reactive protein (CRP), biochemical markers of systemic
inflammation, than the treatment group.48

Minerals influence the body’s ability to recover from muscle strain. Sodium
is required for adequate hydration. Chromium is needed for muscle cells to
replenish glucose after exercise, as described in Chapter 11. Suboptimal zinc
impairs tissue healing; zinc purportedly serves as a cofactor for over 300 enzymes
including carbonic anhydrase which removes carbon dioxide from cells and lac-
tate dehydrogenase, which converts lactate to pyruvate.49 Iron deficiency reduces
oxygenation of tissue because of associated anemia. Insufficient magnesium is
prevalent and impairs tissue healing. Dietary intake of magnesium among women
athletes is estimated at 65% of the current RDA of 280 mg/d,49 suggesting that
suboptimal magnesium is common. Supplementation is associated with reduction
in muscle spasm, reduction in serum lactate, and increase in muscle strength.49,50

Muscle strain can bring an underlying acquired or inherited myopathy to
clinical attention. Statin-induced myopathy as well as the more common myalgias
may be ameliorated by coenzyme Q supplementation.51 Inherited metabolic myo-
pathies have been considered degenerative. However, enzyme therapy using
recombinant DNA techniques and other medical advances extend the possibility
that in the near future early diagnosis, medical treatment and dietary intervention
can prevent degeneration.52 Optimizing vitamin B12 in persons with inadequate
absorption and dietary intake may also improve recovery from muscle strain,
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presumably by correcting early changes in erythropoesis, energy metabolism and
the kinetic chain.

Nutrition can also decrease biomechanical forces on a muscle tendon unit.
Examples are hydration and weight reduction for muscle strain of the lower back.
Hydration can restore the vertebral disks’ ability to absorb biomechanical forces
(Chapter 8). Weight reduction improves function,53 while obesity increases risk of
low back pain54 and makes acute muscle strain more likely to become chronic.55

SUMMARY

Common muscle strains occur when the tissue’s strength is overcome by biome-
chanical forces. The molecular process of inflammation ensues. Various structural
interventions work synergistically with nutrition to reduce inflammation, strengthen
tissue, and reduce biomechanical forces on the muscle–tendon unit.
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MUSCLE GROWTH

INTRODUCTION

Skeletal muscle hypertrophy can develop in response to overload or resistance
training exercise. Muscle hypertrophy occurs as a result of an increase in proteins,
leading to elevations in muscle cross-sectional area, length, or muscle mass.
Advances in cellular and molecular research over the past two decades have pro-
vided a basis for understanding some of the mechanisms that contribute to these
responses leading to muscle hypertrophy.

MUSCLE HYPERTROPHY RESULTS FROM

INCREASED PROTEIN ACCUMULATION

If muscle hypertrophy is to occur, there must be a net increase in protein accu-
mulation. This can occur through an increase in protein synthesis, a decrease in
protein degradation, or both. It is clear that exercise and various types of overload
have a profound effect on muscle protein metabolism. If the stimulus is sufficient,
net protein synthesis will increase, resulting in muscle hypertrophy. Recent improve-
ments in the methods used to study muscle hypertrophy including the use of
isotopic tracers and muscle biopsies to identify muscle protein synthesis and the
use of magnetic resonance imaging or computerized tomographic scanning to
carefully document changes in muscle cross-sectional area or muscle volume
have advanced our understanding of mechanisms leading to muscle hypertrophy.

EXERCISE AS A STIMULUS FOR MUSCLE GROWTH

Acute resistance exercise stimulates increased protein synthesis,1 but aging
may increase the need for available amino acids to induce muscle growth.2 The
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summation of acute responses of protein synthesis to exercise or overload results
in chronic increases in net protein accumulation or muscle hypertrophy.3 Long-
term adaptations to resistance exercise might result in protein synthesis rates not
significantly different from those of untrained muscles as a plateauing effect.4 It
is possible that increasing the intensity of the training or improving the amino
acids or other nutrients required for protein synthesis could improve muscle
hypertrophy5 once this plateau has been reached. However, in a study by Chesley
et al.,6 muscle protein was not increased in spite of an intensive training stimulus,
and this suggests that nutritional or other elements are at least as important as the
training stimulus for inducing muscle hypertrophy.

MUSCLE HYPERTROPHY REQUIRES ADDING NEW NUCLEI

Because myonuclei are postmitotic,7 satellite cells, which are also called muscle
precursor cells (MPCs), provide the only important source for adding new nuclei
to initiate muscle regeneration, muscle hypertrophy, and postnatal muscle growth
in muscles of both young and aged humans.7 MPCs are critical for muscle growth
because muscle hypertrophy is markedly reduced or eliminated completely after
irradiation to prevent MPC activation.8 An example of activated MPCs is shown
in Figure 20.1. Growth of adult skeletal muscle requires activation and differen-
tiation of MPCs and increased protein synthesis and accumulation of proteins.

Muscle Hypertrophy 357

FIGURE 20.1 Satellite cells, also called muscle precursor cells, proliferate to add new
nuclei during muscle hypertrophy. a. Control muscle has myonuclei that are not capable of
proliferating. Myonuclei examples are shown with open arrows. b. Satellite cells or MPCs
are activated and proliferate in loaded muscles. Closed arrows show examples of activated
satellite cells that have a marker incorporated for DNA synthesis. The open arrow shows
an example of a nonproliferating myonucleus.
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A proposed model of how MPC activation may lead to greater muscle hypertrophy
after anabolic steroid treatement is presented in Figure 20.2.

Editor’s Note

Exogenous anabolic steroids, which excede physiologic levels, cause nutrients to
be used for muscle growth instead of other, perhaps more crucial, functions.
Laboratory and clinical data provide a rationale for treating anabolic steroid-
induced nutrient imbalances.

THE STIMULUS FOR MUSCLE GROWTH MAY
ALSO INCREASE MUSCLE BREAKDOWN

ACUTE EXERCISE MAY INCREASE MUSCLE PROTEIN BREAKDOWN

The net effects of muscle growth in response to an exercise or overload stimulus
depend upon an elevation in protein synthesis and any changes in net protein degra-
dation. Studies conducted over the past two decades have shown divergent results.
Indirect evaluations of muscle protein breakdown via urea and 3-methylhistididine
excretion suggested that protein degradation increases,9 decreases,10 or remains
unchanged.11 More recent methods have examined muscle degradation using
isotopic enrichment of the intracellular protein pool and have shown increases in
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muscle protein degradation after resistance training,1 although not as much as the
increase in protein synthesis. The availability of required nutrients may be a
determining factor.

THE STIMULUS FOR MUSCLE GROWTH CAN EXCEED THE
BODY’S ABILITY TO ADEQUATELY NOURISH THE MUSCLE

The stimulus for muscle growth (e.g., resistance exercise) includes increases in
both muscle protein synthesis and degradation. For a net increase in protein accu-
mulation, the cellular conditions must favor increasing protein synthesis more
than protein degradation. This requires a much greater metabolic demand than if
only protein synthesis was increased with resistance training. Although the stim-
ulus for hypertrophy is important, dietary composition may be a critical factor
regulating the degree of muscle hypertrophy12 because inadequate nutrients will
not position the muscle’s environmental milieu to favor net protein synthesis and
accumulation.

WHAT LIMITS MUSCLE HYPERTROPHY?

We can learn some clues from what limits hypertrophy by studying aging muscles.
Both young adults and aged humans can achieve some degree of muscle hyper-
trophy as long as muscles are exposed to resistance exercise or overload of ade-
quate intensity and duration.13 Aging appears to reduce the relative change in
muscle mass to loading.14 Assuming that the stimulus is adequate and the
intensity is sufficient to fully activate the mechanical and molecular signaling
pathways, the limitations to muscle hypertrophy may occur at several levels. First,
the inability to fully recruit adequate MPCs will limit hypertrophy. Secondly,
inadequate hormonal environments for activation and differentiation of MPCs
will limit hypertrophy. Finally, increases in apoptosis (programmed cell death)
that remove activated MPCs will limit or reduce the potential for hypertrophy.
Thus, anything that limits activation, proliferation, and differentiation of MPCs
will limit muscle hypertrophy.

1. A low activation of MPCs will limit hypertrophy. Without sufficient
new nuclei, muscle specific gene transcription will be limited, and
this will result in less total protein synthesis and muscle hypertrophy
even in the face of adequate muscle stimulus for growth.15

2. Apoptosis in response to overload may limit hypertrophy. MPC pro-
liferation is a critical event that provides additional nuclei, enabling
muscle to increase its mass. However, even if MPCs are activated
normally during repetitive loading, but they either do not differentiate
or do not survive to participate in increased protein synthesis, then
muscle hypertrophy cannot occur. One possibility that could explain
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the lower differentiation (largely lower survival) of activated MPCs in
aging muscles is the result of the elevation of apoptosis protein levels
in muscles from aged animals. We have recently shown that the most
recently activated MPCs during loading are also the most susceptible
to apoptosis.16 On the basis of these data, we hypothesize that satel-
lite cell activation is lower in muscle of old animals and that apopto-
sis is higher in these cells, activated during repetitive loading, so
fewer MPCs survive and contribute to muscle hypertrophy. Apoptosis
might also limit hypertrophy in young athletes, especially in condi-
tions of overtraining.

3. Inadequate or inappropriate hormonal milieu will limit hypertrophy.
Skeletal muscle tissue constitutes ~40 to 45% of total body weight in
humans and is among the body’s most metabolically active tissues.
The muscle’s hormonal environment (i.e., milieu) has a major impact
upon protein synthesis and therefore on muscle growth and hypertro-
phy. Human skeletal muscle undergoes protein turnover even under
nonexercised conditions, and protein metabolism increases during
hypertrophy. Hormones such as testosterone, growth hormone (GH),
insulin, insulin-like growth factor-I (IGF-I), and glucocorticoids are
important regulators of muscle remodeling including determining
whether muscle growth or atrophy will occur. Furthermore, skeletal
muscles act as a reserve for free amino acids, which provide precur-
sors for glucose via gluconeogenesis during caloric restriction, but
clearly such conditions are not favorable for muscle hypertrophy.

Some of the hormonal responses occurring in muscle hypertrophy are diffi-
cult to characterize in vivo because one hormone or metabolite can interact with
other hormones or metabolites. A complete review of the endocrine effects
on muscle protein turnover is beyond the scope of this chapter; however, the
responses of major hormones that affect protein synthesis and degradation will
be summarized here. The effects of testosterone and exogenous testosterone will
be examined in detail.

• Insulin. Shortly after the discovery of insulin, it was found that exoge-
nous insulin reduced muscle wasting, which is often associated with
diabetes. Anecdotal and case study evidence also indicates that
insulin therapy improves muscle hypertrophy in athletes (especially
those who have diabetes). Nevertheless, the literature has conflicting
data evaluating the efficacy of insulin on in vivo protein synthesis.
Part of the confusion may be the manner in which insulin is studied.
For example, infusion of insulin to the venous systems causes a
significant reduction in blood amino acid levels. This reduces the
available amino acids that can be provided to a muscle for protein
synthesis. Thus, when amino acid levels are not increased along with
insulin, there is no increase in protein synthesis,17,18 but if amino
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acids are elevated during insulin therapy, protein synthesis can be
increased19 even in atrophic muscle.20 Insulin has also been shown to
reduce protein catabolism, thereby improving net protein accumula-
tion and muscle mass in healthy subjects.21

• Growth hormone and insulin-like growth factor-I. It is thought that
the anabolic properties of growth hormone (GH) largely stem from its
actions through insulin-like growth factor-I (IGF-I), which is pro-
duced in the liver in response to GH. However, both GH and IGF-I
have been shown to increase muscle protein synthesis in resting and
inactive muscles22,23 and in atrophic muscles24 or after resistance
exercise,25 but this may be dependent upon adequate nutrition.26,27

Nevertheless, other studies have failed to find any increase in muscle
protein synthesis by IGF-I or GH in resting or exercised muscles.28

It is now understood that tissues other than the liver express IGF-I and that
there are local as well as systemic forms of IGF-I that have different functions.
Two alternatively spliced variants of IGF-I have been identified so far, and these
are both expressed in skeletal muscle. One splice variant is expressed in response
to physical activity, which has now been called ‘mechano-growth factor’ (MGF).29

The other is similar to the systemic or liver type (IGF-IEa) and is important
because it supplies the mature IGF-I required for upregulating protein synthesis
in skeletal muscle and other tissues. MGF differs from systemic IGF-IEa in that
it has a different peptide sequence, which is responsible for replenishing the
MPCs in skeletal muscle. The ability to produce MGF declines with age,29 and
this occurs concomitantly with the decline in circulating GH levels. GH treatment
upregulates the level of IGF-I gene expression in older people, and when com-
bined with resistance exercise, more is spliced toward MGF and hence should
improve the ability of muscle to respond to physical activity.29,30

• Cortisol. High levels of cortisol can reduce muscle mass during inactiv-
ity or injury and can limit the extent of muscle hypertrophy even given
an adequate stimulus for muscle growth.4,31 The time of day when exer-
cise is done may also affect the level to which cortisol is expressed, with
greater levels found during evening exercise sessions.32 Presumably,
reduced cortisol levels should reduce protein catabolism and improve
protein accumulation, and this can at least be partially accomplished by
providing higher levels of amino acids and other nutrients.33

• Testosterone. Exogenous testosterone and testosterone derivatives
have received considerable political and press attention and have been
the focus of numerous studies. Most studies examining androgens and
testosterone has been aimed at hypogonadal men,34 in persons having
muscle-wasting diseases,35 or aging-associated (sarcopenia) muscle
loss.36 Compounds such as nandrolone decanoate have been used to
improve tendons and rotator cuff tendon healing.37 However, there
have been long debates in the scientific literature regarding whether
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testosterone and related compounds improve muscle protein synthesis
and muscle hypertrophy and whether any anecdotal changes in
muscle mass and performance are caused by placebo effects or water
retention by subjects. However, Bhasin and colleagues38 have shown
quite clearly that testosterone injections improve muscle mass in
nonexercised subjects as compared with placebo injections. The
increase in muscle mass occurs from an increase in protein synthesis39

and may also be in part because of a decrease in protein degradation.33

PHYSIOLOGIC EFFECTS OF EXOGENOUS TESTOSTERONE
AND NUTRIENTS AIMED AT STIMULATING

ENDOGENOUS TESTOSTERONE PRODUCTION

EFFECTS OF EXOGENOUS TESTOSTERONE

Testosterone is a 19-carbon steroid with a 4,5 double bond and a keto-group at
position 3 and a hydroxyl group at position 17 of its sterane ring (see Figure 20.3).
Androgenic–anabolic steroid testosterone derivatives are synthetically derived
versions of testosterone. Early attempts to generate anabolic steroids produced
synthetic androgens that retained both androgenic and anabolic properties. The
androgenic functions include developing male secondary sexual characteristics
including lowering of the tone of the voice, male pattern hair growth, and hair
loss. Anabolic effects include increasing muscle mass and strength. The most
important anabolic function of testosterone and synthetic derivatives of this
hormone is to increase protein synthesis and inhibit protein breakdown.40
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FIGURE 20.3 Proposed model of enhanced satellite cell or muscle precursor cell activation
leading to improved muscle hypertrophy with exogenous testosterone.
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Testosterone or anabolic steroids administered orally or by intramuscular
injection are rapidly metabolized, so they cannot exert any significant effects on
the human body. However, pharmacological manipulations of testosterone have
been developed to reduce this problem. Three major modifications have been
made. These include alkylation at the 17-
 position with an ethyl or methyl
group, esterification at the 17-� position, and alterations of testosterone’s ring
structure (see Figure 20.3).

Alkylation is important for creating oral active compounds that slow degra-
dation by the liver. Esterification of testosterone and nortestosterone at the
17-� position slows metabolism and prolongs the effects of the compounds.
Injectable oil soluble compounds can remain in the body (and detectable) for
several months. Finally, alterations of the testosterone ring structure have been
made for both oral and parenteral agents, which increase the activity of these
compounds.40

MEDICAL USE OF EXOGENOUS TESTOSTERONE

Medical use of anabolic steroids has been prescribed to counteract testicular
dysfunction (i.e., low testosterone levels) and improve the hypothalamus–
pituitary–gonadal axis (i.e., male hypogonadism). Androgen and anabolic steroid
therapy is primarily used in hypogonadal men to improve or maintain muscle
strength and function.41 Anabolic steroids have also been used to improve nitro-
gen balance to favor muscular anabolism in several muscle wasting conditions42

including sarcopenia, which is the age-associated loss of muscle mass,42 and
some forms of anemia,43 hereditary angioneurotic edema,44 and osteoporosis.45

Anabolic steroid use is also beneficial for improving respiratory muscle mass and
strength in individuals who have tetraplegia and ventilatory insufficiency.46

Small amounts of anabolic steroids improve nitrogen balance after trauma
and in patients after abdominal surgery and after burn injury,47 and this should
reduce muscle loss in these patients. In addition, patients with chronic obstructive
pulmonary disease and HIV have been shown to have improved lean body mass
after treatment with anabolic steroids; however, the effect of the improvement
also appears to be related to the nutritional status of the patients.48 Exogenous
testosterone and anabolic steroids have been used to treat muscular dystrophies
for many years because they improve muscle mass and reduce muscular dys-
function in muscular dystrophy.49 However, the number of clinical trials has not
been extensive, and the degree to which anabolic steroid treatment can improve
various wasting diseases has not been widely studied in humans.

TESTOSTERONE THERAPY IN WOMEN

Like men, women have a loss in muscle mass and strength with age.50 Likewise,
there is a decrease in circulating blood levels of testosterone with increasing age
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in women, with ~50% of the decrease occurring by the age of 40.51,52 Although
levels of serum estradiol and 25-hydroxy vitamin D have a higher correlation
with muscle mass than serum testosterone levels in women over 65 years of age,52

there have been an insufficient number of studies to fully evaluate the effects of
testosterone therapy combined with resistance exercise on muscle mass and
strength in postmenopausal women.

TESTOSTERONE THERAPY AND ANABOLIC

STEROIDS TO IMPROVE MUSCLE HYPERTROPHY

It is well known that exogenous testosterone in the form of androgenic–anabolic
steroids increases the rate of muscle protein synthesis, promotes muscle growth,
and reduces fat deposition.39 Examples of anabolic–androgenic steroids available
to athletes are given in Table 20.1.

Several studies have shown that muscle mass increases more than does
strength, although both increase with testosterone therapy in men.53,54 Although
muscle hypertrophy occurs with anabolic steroid treatment, the gains are
markedly greater when resistance training (to provide a growth stimulus) is com-
bined with anabolic steroid therapy.38 Women who use anabolic steroids in con-
junction with resistance training have increases in both type I (slow twitch) and
type II (fast twitch) fiber cross-sectional area,55 whereas men who use exogenous
testosterone and anabolic steroids while resistance training appear to induce pref-
erential type II fiber hypertrophy.13 The improvement in muscle mass after ana-
bolic steroid treatment appears to be attributable to increased lean tissue rather
than hydration.56 Androgen receptors are preferentially expressed on mature
muscle cells and myonuclei57 and MPCs.58 A model whereby exogenous testos-
terone increases satellite cell proliferation to support enhanced muscle hypertro-
phy is shown in Figure 20.2.
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TABLE 20.1
Examples of anabolic androgenic steroids used by athletes

Clostebol Dianabol
Drostanolone Ethylestrenol
Fluoxymesterone Metandren
Mesterolone Methenolone
Norethandrolone Nortestosterone
Oxandrolone Oxymesterone
Oxymetholone Stanozolol
Stenbolone Testosterone
Tetrahydrogestrinone Turinabol
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ANABOLIC PROHORMONES — THEIR
MISUSE AMONG ATHLETES AND NUTRITIONAL

PRODUCT MANUFACTURERS

INTRODUCTION

The prohormone, androstenedione first became available for public consumption
over-the-counter in 1996. It is frequently marketed with nutrition products.
Subsequently, several other prohormones including androstenediol, norandrostene-
dione, and norandrostenediol became available to the public. The manufactures of
these compounds claim that peripheral enzymatic conversion of prohormones to
testosterone or nortestosterone (via ingestion of androstenedione and androstene-
diol or 19-nor-androstenedione and 19-nor-androstenediol, respectively) leads to
anabolic or ergogenic effects including improvements in muscle strength and mass.
It has also been suggested that prohormones might help to offset the age-associated
reduction in endogenous testosterone, DHEA, and sexual interest.59

The effects of oral 4-androstenedione administrations have received the most
investigation in humans. Although androstenedione is structurally a “steroid,” the
anabolic effects of this steroid have not been clearly shown in healthy humans.
Structurally similar prohormones such as 19-nor-4-androstenedione, 19-nor-4-
androstenediol, 4-androstenediol, 5-androstenedione, and 5-androstenediol are
also available to the public. There are subtle differences between the structures
of prohormones and testosterone. For example, 19-norsteroids contain one less
carbon atom in their sterane ring structure than testosterone. 4-androstenedione
contains keto groups at positions 3 and 17, instead of one keto and one hydroxyl
group, whereas 4-androstenediol contains two hydroxyl groups at these positions.
5-androstenedione and 5-androstenediol have a 5,6 double bond instead of the
4,5 double bond like testosterone (Figure 20.2).

The ubiquitous enzyme 17 regulates the synthesis of testosterone from
the -dione, and synthesis of testosterone from -diol prohormones is regulated by
3-�-hydroxysteroid dehydrogenase. The isozymes in this enzyme family have
specific metabolic activities and substrate specificity, which makes it likely that
prohormone consumption could affect the synthesis of androgenic steroids other
than testosterone such as dehydroepiandrosterone, estradiol, or luteinizing hor-
mone either directly or via indirect pathways. In women, the activation of andro-
gens appears to occur in the abdominal visceral and omental adipose tissue,60

which suggests that adiposity may influence metabolic inactivation of testos-
terone or prohormone-induced testosterone.

ANDROSTENEDIONE AND DEHYDROEPIANDROSTERONE

Androstenedione (4-androstenedione) is the immediate precursor of testosterone.
Androstenedione is produced by the testes and by the adrenal glands from
dehydroepiandrosterone (DHEA).61 Androstenedione supplementation has been
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speculated to increase plasma testosterone levels and improve muscle hypertrophy.62

Thus, it is not surprising that androstenedione supplements have become popular
for improving performance in athletes. Androstenedione is marketed to increase
blood testosterone levels, with the idea that this will directly improve muscle
strength and mass. Manufacturer-suggested daily doses for oral use of this prohor-
mone range from 100 to 1200 mg/d. It is also available as patches, percutaneous
gels, and sublingual sprays.63 So far, clinical applications of androstenedione have
not been reported.

Although androstenedione has been studied previously in rodents,64 its use was
first described in 1962 as a case study in two women, who were given 100 mg of
oral androstenedione.65 This study reported that the oral androstenedione increased
plasma testosterone by fourfold to sevenfold in these two subjects, with peak
testosterone levels found within 60 min of ingestion of the prohormone. In spite
of these large changes in plasma testosterone, plasma levels of androstenedione
that had been undetectable before supplementation only had very small increases
60 to 90 min after androstenedione ingestion.65 DHEA given at a similar dose
was shown to have similar effects with ~4-fold increases in plasma testosterone
within 90 min of ingestion. These data suggest that oral supplementation with
androstenedione or DHEA improves blood levels of testosterone in women.65

Blaquier and coworkers66,67 reported that 4-androstenediol (androstenediol)
exhibited ~2.8-fold greater conversion to testosterone than did 4-androstenedione.
This introduces the possibility that 4-androstenediol might provide greater
anabolic/androgenic results than 4-androstenedione. This higher efficacy may be
because androstenedione is converted to androstenediol before becoming testos-
terone.67 It is therefore unclear why most research and earlier marketing focused
on androstenedione instead of androstenediol in spite of the greater likelihood for
androstenediol to elevate testosterone.

EFFECTS OF ANDROSTENEDIONE ON BLOOD HORMONAL

LEVELS AND MUSCLE HYPERTROPHY

The extent by which elevated blood levels of prohormones increase muscle
growth is unclear from current studies. A critical review of key studies allows
clinicians to decide if the information can be generalized to their patients and if
additional nutritional recommendations are needed to increase effectiveness.

King et al.62 studied 30 untrained normotestoterogenic men who performed
8 weeks of whole-body resistance training. Acute androstenedione (100 mg) had
no effect on total testosterone, free testosterone, luteinizing hormone (LH), or
follicle stimulating hormone (FSH) but increased serum androstenedione con-
centrations by 175 to 350%. Serum estradiol concentrations were higher after
2, 5, and 8 weeks of resistance training compared with the androstenedione
group. Total testosterone was unaffected by androstenedione ingestion, but the
free testosterone concentration was significantly higher at 0 and 8 weeks of the
study. Despite the elevated blood levels, androstenedione did not appear to alter
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body composition, fat free mass, cross-sectional areas of type I and type II fibers
from the vastus lateralis, and muscle strength relative to placebo consumption in the
trained subjects. The generalizability of the study to competitive athletes may be
limited because the men in this study had body fat in excess of 20%. Adipose
is likely to minimize the effectiveness because adiposity increases conversion of
androstenedione to estrogens because of peripheral aromatization in adipose tissue.68

Wallace et al.69 studied the effects 12 weeks of supplementation with 50 mg
two times daily of either androstenedione or DHEA in a group of middle-aged
men. No significant improvements in testosterone levels, lean body mass, or
strength were observed in either supplement group compared with the placebo
group. This lack of effect was the result of the low dose provided to the subjects.
The dose is comparable with that used in the treatment of elderly subjects before
surgery to preserve muscle and bone. It is not surprising that the positive results
of muscle preservation before stress in frail elderly men and women is not
generalizable to muscle enhancement in middle-aged men.

Ballantyne et al.70 examined oral androstenedione supplementation in male
subjects over a 24 h period and then gave the subjects 200 mg of oral androstene-
dione (in two divided doses). Venous blood samples were obtained every 3 h over
the following 12 h and then 24 h after ingestion of the final capsule. Heavy resis-
tance training increased serum testosterone, and androstenedione supplementa-
tion increased serum androstenedione by ~200% and luteinizing hormone by
~100%, without concomitant increases in serum testosterone, free testosterone, or
estradiol. Because most androstenedione is converted first to estrone in blood,
bone, skeletal muscle, and adipose tissue rather than to estradiol, it is possible that
estrone rather than estradiol levels would have been a more sensitive measure
of the effect of androstenedione on serum estrogens.71 However, exercise in the
androstenedione group significantly elevated plasma estradiol by approximately
83% for 90 min. On the basis of the lack of change in testosterone levels, these
data suggest that androstenedione may not improve testosterone release or syn-
thesis and therefore may not provide male athletes a marked anabolic improve-
ment above that provided by heavy resistance exercise.70

Leder et al.71 found that healthy men aged 20 to 40 years given 300 mg of
oral androstenedione had serum testosterone concentrations increased by 34%;
however, baseline testosterone levels, obtained 24 h after androstenedione admin-
istration, did not change.71 Serum estradiol significantly increased by 42 and
128% in subjects consuming 100 and 300 mg/d of androstenedione, respectively.
These data suggest that oral androstenedione, when given in dosages of 300 mg/d,
increases serum testosterone and estradiol concentrations in some healthy men,
but the effects are variable between subjects.71

Recent studies by Brown and colleagues72,73 have evaluated the effectiveness
of a nutritional supplement containing androstenedione and herbs that were
designed to enhance serum testosterone concentrations and prevent the formation
of dehydrotestosterone and estrogens. Healthy 30 to 59 year old men consumed
a combination of 300 mg androstenedione, 150 mg dehydroepiandrosterone,
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540 mg saw palmetto, 300 mg indole-3-carbinol, 625 mg chrysin, and 750 mg
tribulus terrestris per day or a placebo for 28 days. Whereas the ingestion of
androstenedione combined with herbal products increased serum-free testos-
terone concentrations in older men, these herbal products did not prevent the
conversion of ingested androstenedione to estradiol and dehydrotestosterone in
the short duration of this study.

Broeder and colleagues74 studied the effects of oral androstenedione and
androstenediol supplementation during 12 weeks of intense resistance training in
the so called Andro Study. Fifty healthy men (age 35 to 65 years) were randomly
assigned to a placebo, androstenedione (200 mg/d taken in two divided doses), or
androstenediol (200 mg/d taken in two divided doses) group. Each subject par-
ticipated 3 days per week in a heavy resistance training program that included an
average of three sets of nine exercises (i.e., a total of 81 sets per week) using
60 to 95% of their pre-training 1 repetition maximum. Total and free testosterone
levels increased in the androstenedione group over 1 to 2 months but returned
to basal concentrations by the third month of the study. Compared with week 0,
concentrations of estrone, estradiol, and DHEA-sulfate increased significantly in
the androstenedione and androstenediol groups at week 12. Neither androstene-
dione nor androstenediol supplementation improved the resistance training
improvements in muscle strength compared with the placebo group and may have
a negative impact on blood lipids and cholesterol.75 However, the conclusion
regarding the impact on muscle mass should be viewed carefully because the
subjects were probably hypocaloric because the average energy intake was only
~120 kJ/kg/d or 29 kcal/kg/d, whereas current nutrition recommendations for
individuals undergoing intense exercise training suggest that these subjects
needed ~3 kJ/kg/d or 13 kcal/kg/d more than they received in this study.76 Thus,
the training program in this study74 may have been too strenuous or the nutritional
intake inadequate, considering that it failed to positively alter improve muscle
mass even in the placebo group. This underscores the importance of maintaining
adequate or superior nutrition during exercise training such as resistance training
and that supplementation per se may be inadequate to invoke changes in muscle
mass even given adequate muscle stimulus to hypertrophy and having a muscle
milieu that includes potential anabolic compounds.

GENDER DIFFERENCES WITH ANDROSTENEDIONE

Horton and Tait77 examined the interconversions of androstenedione and testos-
terone in women. These researchers showed that with intravenous administration
of androstenedione and testosterone, ~60% of plasma testosterone is derived from
androstenedione, whereas less than 3% of the plasma androstenedione is derived
from testosterone. Therefore, the conversion of androstenedione to testosterone
contributes largely to the circulating testosterone concentrations in women. In con-
trast, in men only ~0.3% of plasma testosterone is derived from androstenedione,
whereas ~37% of plasma androstenedione is derived from plasma testosterone.
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Therefore, men appear to be capable of preferentially converting testosterone into
androstenedione, and the contribution of androstenedione to blood testosterone
levels is likely to be minimal. From further investigation of gender differences in
hormone metabolism, Horton and Tait concluded that men can convert testos-
terone to androstenedione more easily than women, but women appear to convert
androstenedione to testosterone more readily than men. These data provide a
rationale for using androstenedione for increasing androgen levels and reducing
sarcopenia and osteoporosis in postmenopausal women and hypogonadal men.78

PHYSICAL EXAM AND LABORATORY SCREENING — FALSE
POSITIVES AND FALSE NEGATIVES

CLINICAL AND LABORATORY CHARACTERISTICS OF

EXOGENOUS TESTOSTERONE USE

Exogenous steroid use alters clinical and laboratory findings. Much of the
information relating to clinical and laboratory effects of exogenous testosterone is
obtained from case reports, which even include fatalities.79 The long-term clinical
health effects are dependent upon the type of exogenous testosterone compound,
dose, frequency of use, and age of the athlete. Assessment of health consequences
and evaluation of the physical examination are complicated in that some athletes
combine one or two anabolic steroids or other hormones and several prohormones
or just take prohormones. Some athletes use the compounds in tandem for long
periods of time, and some use them more periodically.80 Comprehensive scientific
studies are complicated by the ethical implications of giving volunteers the supra-
maximal doses typically used by athletes. The final problem is that some of the
compounds obtained by athletes are obtained on the “black market,” and the
quality, amount, and composition of the compounds cannot be known.81

There are several physical attributes that might together provide some evi-
dence of exogenous testosterone use, but these must be followed up with more
objective data before drawing conclusions on use or misuse. Many of the clinical
and laboratory characteristics are summarized in Table 20.2.

Sexual and Physical Characteristics

1. Gynecomastia. Gynecomastia in male athletes is a common problem
and easily recognized in a physical examination. In addition to the
pain that usually accompanies gynecomastia, this creates a cosmetic
physical problem, especially for bodybuilders, who are judged by the
quality of their physiques, and may require corrective surgery.82

Development of gynecomastia is the result of converting the large
amounts of exogenous testosterone to estrogens.83 Athletes have
been reported to use tamoxifen to prevent gynecomastia, and recent
findings suggest that this is an effective treatment.84
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TABLE 20.2
Examples of physical and clinical effects reported for anabolic–androgenic
steroid use

Endocrine changes
Hypothalamic–pituitary dysfunction
Altered sexual interest
Altered glucose tolerance
Hyperinsulinism

Sexual and physical characteristics in men
Acne
Gynecomastia
Lower sperm production
Lower endogenous testosterone production
Infertility
Increased male pattern baldness
Prostate hypertrophy
Testicular atrophy
Voiding alterations

Sexual and physical characteristics in women
Acne
Clitoral hypertrophy
Deepening of the voice
Male pattern baldness
Increased facial and body hair
Infertility
Menstrual irregularities

Behavioral changes
Aggressiveness
Depression
Irritability
Irregular “mood” changes

Immune function
Decreased immunoglobulins
Depressed immune responses

Cardiovascular changes
Potential for elevated systolic or diastolic blood pressure
Altered blood lipid profile
Increased levels of C-reactive proteins
Increased hematocrit and red blood cells
Decreased high-density lipoprotein
Increased low-density lipoprotein
Decreased fibrinolytic inhibition
Increased triglycerides
Left ventricular hypertrophy
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2. Acne. Obvious indicators upon physical examination include acne
around the shoulders, upper and middle back, and face of male and
female athletes.85 The acne will clear upon termination of use of
exogenous testosterone.86 Clearly though, acne by itself is not suffi-
cient for diagnosis and must be considered in combination with other
clinical tests.

3. General characteristics in women. In women, some irreversible phys-
iological changes associated with anabolic steroid use include male
pattern baldness, virilization, and deepening of the voice.87 There may
also be menstrual irregularities.88 However, such changes could also
result from androgen-producing ovarian and adrenal neoplasms, and
this possibility should be explored by the practitioner.87

4. Sexual characteristics and reproductive system. Plenty of anecdotal
cases have been cited by the lay media; however, what role anabolic
steroids and exogenous testosterone might have in the etiology of var-
ious diseases in humans or animals is still not known. Testosterone
and steroid use in clinical trials and in controlled laboratory studies
has been reported to correlate with a number of deleterious changes
in risk factors for infertility. In males, anabolic steroid use could
result in lower levels of endogenous testosterone, gonadotrophic hor-
mones, sex hormone-binding globulin levels, sperm motility, sperm
count, altered sperm structure, and testicular atrophy.89 However, ter-
mination of anabolic steroid use results in a normalization of sperm
production and testes function. Menstrual abnormalities, shrinkage of
the breasts, and increased sex drive will usually return to normal after
steroid termination in women.86 However, in women, there are some
irreversible physiological changes associated with anabolic steroid
use90 including male pattern baldness, deepening of the voice, increased
body hair, and clitoris hypertrophy.91
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TABLE 20.2
Continued

Adolescent growth
Premature epiphyseal closure

Hepatic function
Altered liver structure
Hepatocellular adenomas
Hematocellular hyperplasia
Cholestatic jaundice
Peliosis hepatis
Altered liver enzymes
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Prostate abnormalities have been reported in humans including an increase in
prostatic volume, reduction in urine flow rate, and marked changes in voiding
patterns.75 In contrast, 100 mg of androstenedione does not alter serum levels of
prostate-specific antigen,72 suggesting no overall change in prostate function with
this prohormone.

Behavioral Changes

It is reasonable to expect that some of the behavioral signs and symptoms accom-
panying anabolic steroid use are likely overlooked by healthcare professionals, so
it is not possible to determine the number or extent of steroid-related behavioral
complications.79 Female athletes have been reported to display increased aggres-
siveness when using anabolic steroids.88 A positive correlation has been estab-
lished between endogenous testosterone levels and aggressive behavior in males,
but some people are much more sensitive to changes in mood and others are much
more resistant to steroid-induced changes in mood and behavior.92 Moderate and
low doses of exogenous testosterone have failed to produce changes in male
aggressiveness, general outlook or mood, and sexual behavior of subjects.93

However, the high levels of steroids often used by athletes have been reported to
induce psychotic and sometimes violent syndromes and, importantly, psycholog-
ical dependence on the steroids.94 This psychological dependence explains the
severe withdrawal symptoms.95 Nevertheless, other reports have not supported a
close relationship between steroid use and changes in personality or aggression.96

Although supraphysiological levels of exogenous testosterone have been found to
increase both the subjective and objective assessments of aggression, the inter-
pretation of these data are complicated by the fact that several steroid users in this
study had personality disorder profiles including Cluster B personality disorder
traits for antisocial, borderline, personality disorder; histrionic personality dis-
order.94 Thus it is likely that some athletes, if predisposed as a result of some
preexisting personality disorder, may have increased aggression and behavioral
changes, but others not prone to personality disorders may not be observed clin-
ically to have any changes in behavior or aggression. It has been estimated that
~300,000 athletes use anabolic steroids yearly in the United States;97 however,
only a small percentage of steroid users experience psychological dependence
requiring clinical treatment. Thus, the psychological dependence may be overes-
timated, or most people using anabolic steroids have not developed symptoms of
a significant nature that require interventions.

Immune Function

Other potential areas of concerns studied in animals and humans include reduced
T-cell and immune function,91 which has the potential for the athlete to suffer
upper respiratory infections or other more complicated problems.
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Cardiovascular Risks

Exogenous steroid use has been linked to increased coronary artery disease,
cardiomyopathy, and cerebrovascular accidents.56,98

1. Lipoproteins. Use of exogenous testosterone compounds has been
thought to increase cardiovascular risk factors.99 The most important
are changes in lipoproteins, increased levels of triglycerides, and ele-
vated concentrations of several blood clotting factors. Estimates of
anabolic steroid-induced changes in blood lipids include a marked
decrease in high-density lipoprotein-2 (HDL-2) levels by ~52% and
severe decreases in high-density lipoprotein-b (HDL-b) levels by
~78% along with increases in low-density lipoprotein levels (LDLs)
by ~36%.100,101 However, this observation is not universal and may
depend on the steroid used because nandrolone has been reported to
show no changes in HDL cholesterol (HDL-C), low-density lipopro-
tein cholesterol (LDL-C), total cholesterol, triglycerides, the total cho-
lesterol to HDL-C ratio, or the LDL-C/HDL-C ratio from 100 mg/wk
of nandrolone in men or women.102 Nevertheless, athletes frequently
use much higher levels of nandrolone and combine this with other
steroids, and the effects of the higher doses or combinations of
several anabolic steroids and prohormones may alter the lipid profiles
in these athletes. The changes in blood lipid profiles provide a nega-
tive stimulus that would promote cardiovascular disease. Blood lipids
and lipoprotein changes favor an increased atherogenic lipid profile
that persists after termination of steroid use.103 As with the findings of
King and colleagues,62 serum concentrations of HDL-C decreased
10% during the first week of androstenedione supplementation and
remained depressed thereafter. However, serum concentrations of
total testosterone did not change. These data and others74,75 support
data from earlier studies that indicate an increase in serum estrogen
and a decrease in HDL-C in response to oral androstenedione.

2. Blood profiles and lipids. Urhausen et al.104 studied 32 male body-
builders and powerlifters, comparing the blood profiles of current
users with those who had terminated anabolic steroid use ~1 year
before the study began. The previous users had taken ~720 mg/wk of
combined anabolic–androgenic steroids for 26 weeks per year over
~9 years. The athletes who currently used anabolic–androgenic
steroids at the time of the study took ~1030 mg/wk of combined
steroids for 33 weeks per year for an average of ~8 years. Blood tests
showed that erythrocyte and platelet counts in the former steroid users
were normal, but in current steroid users, all hematological cell types
were increased. Liver alanine aminotransferase levels were increased
in some but not all of the former steroid users. The blood cholesterol
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and endogenous testosterone levels of the former steroid users were
normal. In general, these data show that lipid blood levels return to
normal after cessation of exogenous testosterone use.

3. C-reactive proteins. A recent observation is that anabolic steroids can
elevate C-reactive protein concentrations without any relationship to
changes in cardiac troponin T. The higher C-reactive protein concen-
trations may indicate a greater predisposition to developing peripheral
arterial disease.105

4. Cardiomyopathy. The types and extent of clinical changes vary
among different types and doses of anabolic steroids and among indi-
viduals. The clinical changes appear to be reversible within several
months after cessation of anabolic steroid use.89,104 However,
increased left ventricular mass and dilated cardiomyopathy are not
reversible upon cessation of anabolic steroid use.106 Furthermore,
several case reports on athletes have linked anabolic steroid use to
nonfatal myocardial infarction, atrial fibrillation, and stroke.98

Blood and Thrombogenic Characteristics

Testosterone can potentially alter thromogenic activity by increasing thrombox-
ane A2 receptor activity and platelet aggregability.107 However, there is no direct
evidence that exogenous testosterone or its anabolic steroid compounds are
thrombogenic in humans.108 On the contrary, the reductions of fibrinolytic inhibi-
tion and lipoprotein A in men and women who use anabolic steroids109,110 are con-
sidered favorable effects of androgens with regard to the risk of cardiovascular
disease. Anabolic steroid use increases whole-body hematocrit and red blood cell
volume, and as a result, anabolic steroids have been used to treat patients with
renal failure.111

Blood Pressure

The literature concerning potential changes in blood pressure during anabolic
steroid use is mixed. Some studies have found no change in blood pressure in
healthy athletes,89,112 whereas others have found an increase in systolic or dias-
tolic blood pressure.91,113 Thus, although it is not clear that anabolic steroids will
increase resting blood pressure levels, androgenic compounds may affect the
blood pressure more than anabolic substances do, but the exact mechanism of this
is unknown.114,115

Hepatic Function

Liver structure and function are changed by steroid use.116 These include peliosis
hepatitis, hepatocellular hyperplasia, hepatocellular adenomas, and cholestatic
jaundice.91,117 It has also been shown that high levels of anabolic steroids may
lead to hepatocellular carcinomas.118,119 Liver changes are associated with use
of oral 17-
-alkylated anabolic steroids.91 An interesting case study reported on a
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26 year old jaundiced bodybuilder, whose steroid regimen over 5 weeks before
hospitalization was 500 mg testosterone injected intramuscularly injection twice
weekly and daily consumptions of 40 mg of oral stanazol and 30 mg of methylan-
drostenediol.120 This bodybuilder had high aminotransferase and alanine amino-
transferase levels but normal bilirubin levels. However, he was found to have
hepatocellular necrosis, based upon pathological analysis of his liver biopsy.
Clinical signs and laboratory findings for this bodybuilder improved substantially
12 weeks after he discontinued these testosterone derivatives.120 This type of damage
is, however, unusual, and it is in contrast to other case reports, which primarily
report a cholestatic-type liver damage with steroid use.121 Other reports suggest
widespread liver changes even with anabolic steroids thought to have low levels
of toxicity. For example, acute stanozolol treatment (5 mg/kg/d) was shown to
significantly decrease the levels of cytochrome P450 (Cyt. P450) and cytochrome
b5 (Cytb5) during the first 48 hr of treatment in rats, whereas subsequently, at
72 and 96 h, the levels of these enzymes significantly increased. In contrast to the
acute treatment, both P450 and Cytb5 enzymes decreased with 60 to 90 days of
chronic treatment.122

Nevertheless, most reports of anabolic steroid-induced hepatotoxicity in
humans are primarily based on elevated levels of aminotransferase, aspartate
aminotransferase, and creatine kinase levels, but this may not be sufficient assess-
ment of liver function because athletes using steroids do not have changes in
hepatic dysfunction, at least based on gamma-glutamyltranspeptidase levels.123 In
general, the data show that blood levels of liver enzymes return to normal,104

and other data show that liver tumors regress and there is a return to normal liver
function after termination of anabolic steroid use.89

Endocrine Modifications

1. Hypothalamic–pituitary dysfunction. A case report from van Breda
et al.124 described a competitive bodybuilder who initially presented
with gynecomastia and widespread acne. However, the physical
examination and subsequent laboratory tests showed that this athlete
had a hypothalamic–pituitary dysfunction, which was thought to have
persisted for several months even after termination of the anabolic
steroid use.124 This is a rather severe problem, and these investigators
suggest that to regain normal hypothalamic–pituitary function in
athletes with similar conditions, supraphysiological doses of 200 �g
LH-releasing hormone (LH-RH) should be considered when the
physiological challenge test with LH-RH (50 �g) fails to show an
acceptable response and a return toward normal.124

2. Glucose metabolism. Hyperinsulinimia and reduced glucose toler-
ance have also been noted in athletes using various steroids.89 For
example, powerlifters who ingested anabolic steroids had a lower
glucose tolerance compared with a control group who did not take
steroids, in spite of having significantly higher postglucose serum
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insulin concentrations.125 These results suggest that athletes who use
anabolic steroids may have diminished glucose tolerance, which is
linked to insulin resistance.

Growth in Adolescents

Several reports suggest premature stunting of growth in adolescent anabolic
steroid users, presumably by premature closing of the epiphyseal endplates,126,127

but this has not been carefully and systematically studied.

DRUG TESTING — FALSE POSITIVES
AND FALSE NEGATIVES

The use of androstenedione and DHEA is banned by most sports governing
bodies including the International Olympic Committee (IOC).128,129 The prohor-
mones androstenediol and androstenedione are on the “banned list.” The USAA
limit for the testosterone-to-epitestosterone (T/E) ratio is 4.0 (as compared to the
IOC limit of 6.0). The limit for the 19-norandrosterone urine level is greater than
2 ng/ml and the epitestosterone level is above 200 ng/ml. These more stringent
standards increase the likelihood of false positive results, but they also reduce the
likelihood of having athletes test negative but actually taking a banned hormone
or prohormone for competition or training.

Drug testing for some prohormones has been difficult, but newer methods are
improving the detection of these compounds in athletes.130 The other complica-
tion of using prohormones is that some preparations have been found to contain
anabolic hormones such as testosterone or 19-nortestosterone, without this infor-
mation available on the manufacturer’s label.131,132 A study funded by the IOC of
634 nonhormonal supplements found that ~15% contained prohormones that
were not listed on the label.133 These findings were found subsequently by another
study.134

For more than 20 years, urine analysis of the T/E ratio has been used to
provide an indirect marker of testosterone or anabolic steroid use in athletes.135

The body produces endogenous epitestosterone, the 17-
 epimer of testos-
terone, but it has little anabolic activity. The IOC has set a T/E ratio limit of 6 for
competitions.136

FALSE NEGATIVE TESTS

Urine analysis is prone to misdiagnosis because some athletes have T/E ratios
below 6.0 in spite of using anabolic steroids. Athletes have used epitestosterone
to effectively reduce the T/E ratio and therefore become negative for drug use.
Because epitestosterone is believed to be a urine-manipulating agent, the IOC
has banned it. The epitestosterone that is marketed for normalizing manipulation
is synthesized from soybean, which has a low carbon-13 content.137 These
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manufactured commercial compounds appear to have lower levels of carbon-13
than endogenously synthesized steroids, and higher levels of carbon-12.138 Athletes
using anabolic steroids and epitestosterone would be expected to have urinary
steroids with higher levels of carbon-12 than those athletes who are not taking these
compounds. Not surprisingly, recent improvements in drug testing have focused on
analysis of the ratio of carbon-13 to carbon-12, using a gas chromatography–
combustion–isotope ratio mass spectrometry method (GC/MS).138 This method is
not influenced by athlete ethnicity139 and does appear to be sensitive and reliable.138

Although the carbon-13 to carbon-12 ratio appears to be reliable and valid,138 it is a
new method and therefore should be thoroughly tested to minimize the chances of
false positives before being used in international competitions.

Four men took up to 150 mg of DHEA for up to 4 days, and urine samples
were analyzed using gas chromatography-mass spectrometry (GC-MS) on day 3.
Only one of the four subjects had an increase in the T/E ratio above 6.0.140

However, the doses of DHEA were also lower than suggested by supplement
manufacturers, and it is not known if the T/E ratio would exceed the IOC stan-
dards to therefore reach a “positive” detection if much higher levels of DHEA are
consumed by athletes.

FALSE POSITIVES

On 6 September 1994 a female Olympic 400 m athlete was suspended by the
British Athletic Federation Limited for testing positive for testosterone in her
urine. Although she was initially suspended, she was reinstated on the basis of the
argument that urinary microbes produced testosterone and caused her false posi-
tive urine tests for testosterone. The basis of the argument was that unlike
prokaryotes (e.g., Escherichia coli), many eukaryotic microorganisms can syn-
thesize steroids and steroid substrates including testosterone.141 Investigation of
urine samples of 134 women showed that when normal urine was inoculated with
10,000 or 100,000 CFU/mlof Candida albicans, a microbe that is typically found
in vaginal flora, the testosterone levels in the urine rose significantly although the
absolute increases were small. Although it is potentially possible that a false
positive drug evaluation could be made if testosterone alone were examined, this
is unlikely because there was a small increase in the absolute concentration of
testosterone and a corresponding small increase in the T/E ratios, which are main-
tained well below 6. The increase in urinary testosterone appears to be caused by
conversion of urinary androstenedione rather than by synthesis of testosterone
per se. This leaves open the possibility that false positives could arise at least in
women with some type of urinary microbe infection.

De la Torre and co-workers142 investigated the increases in urine testosterone
after contamination with 15 different organisms (bacteria, fungi, and molds). In
the future, improved handling of urine samples such as freeze-drying will reduce
the potential for contamination143 and false positives. In addition, false positives
will be likely reduced by evaluating the isotope ratio of carbon-13 to carbon-12 of
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urinary steroids to determine whether the testosterone is of exogenous or
endogenous origin.138 An additional reduction in false positives might occur if we
compare the testosterone liberated by glucuronidase hydrolysis or that in the free
steroid fraction with the total testosterone as a routine test.

Some nutritional supplements have also been found to contain anabolic or
androgenic steroids and banned prohormones, which result in positive drug tests,
even though the athletes have not knowingly consumed the drugs.133,144 Athletes
can fail a drug test up to 120 h after consuming food supplements,131 so this could
also be viewed as a “false” positive test145 although it is really a true positive by
the IOC regulations. Nandrolone is indirectly detected by identification of its
two main metabolites, 19-norandrosterone (19-NA) and 19-noretiocholanolone
(19-NE), in the urine. The IOC has set a limit for these metabolites of 2 ng/ml in
men and 5 ng/ml in women146 because endogenous production is known to occur
in humans, especially pregnant women.147

Athletes who have tested positive for nandrolone have contested positive drug
tests on a variety of grounds, including the fact that physical effort alone can
produce increased levels of nandrolone.145 However, Schmitt et al. showed that
exhaustive exercise in trained athletes does not significantly increase endogenous
nandrolone production and produces nandrolone metabolites in urine levels that
are far below the IOC threshold of 2 ng/ml urine in males.148 However, it is pos-
sible to obtain a false positive for drug screen for urinary 19-norandrosterone in
a woman athlete who is pregnant.147

The potential for false positive drug tests can also arise from testing for spe-
cific markers that are naturally occurring in the body. In the case of DHEA or
other banned prohormone supplements, urine markers are commonly measured
using gas chromatography-mass spectrometry (GC-MS) in methods such as gas
chromatography–combustion–isotope ratio mass spectrometry (GC-C-IRMS).
A urinary product of DHEA administration is detectable in samples from subjects
given multiple doses of DHEA, and was identified in GC-MS experiments to be
3
,5-cyclo-5
-androstan-6�-ol-17-one (3
,5-cyclo). This metabolite occurs nat-
urally, found in urine samples collected from elite athletes; yet, concentrations are
markedly elevated after both single and multiple DHEA administrations.130

Coupling screening of GC-MS and GC-C-IRMS may become the standard
method of detecting androstenedione, testosterone, and dehydrotestosterone use,
but it is still possible that some false positives may arise.

Van Thuyne and Delbeke134 report that GC-MS identified dehydrotestosterone
in food supplements even though its presence was not listed on the manufac-
turer’s label. However, follow-up studies with GC-MS were unable to confirm its
presence in the food supplement. This emphasizes the point that athletes might
indeed test positive for prohormone use in some tests but not in others.

Designer Drugs and Getting Around Drug Tests

Some substances are currently undetectable. Tests have been developed for the
known drugs, but resourceful entrepreneurs have manufactured new “designer”
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drugs, and without a “footprint” they cannot be detected using routine methods.
The so-called tetrahydrogestrinone designer steroid (THG) was only discovered
because a syringe reported to contain an “undetectable steroid” was sent to the
U.S. Anti-Doping Agency (USADA) by a track coach. The syringe contents were
analyzed using liquid chromatograph and mass spectrometry. The compound
resembled somewhat the structures of gestrinone, used to treat endometriosis,
and trenbolone, an agriculture anabolic steroid used primarily in cattle and by
some athletes because it is believed to be minimally affected by aromatase or
5
-reductase. The investigators synthesized the new drug as a combination of
gestrinone and trenbolone and made a new compound called THG. THG was
given to an animal, and the urine tested positive for THG, and this was the same
signature as the original compound in the syringe sent to the USADA.149

CONCLUSION

Although some studies suggest that prohormones may change testosterone blood
levels, there is currently no compelling evidence that clearly demonstrates that
prohormones are effective in enhancing muscle mass or strength even when com-
bined with heavy resistance training. These prohormones may result in negative
health consequences and may also in some cases test positive in routine drug
tests.144 Despite the negative studies, recreational use of anabolic steroids is
increasing among fitness club members and other amateur athletes.

Clinical changes resulting from exogenous testosterone administration
include increased circulating estrogen changes in blood lipids, which increases
the risk factors associated with cardiovascular disease, altered liver function, and
cardiac hypertrophy. All except the cardiomyopathic changes appear to be
reversible once steroid use is discontinued. As with anabolic steroids, supple-
mentation of prohormones including oral androstenedione elevates circulating
estrogens and is associated with small but statistically significant decreases in
HDL-C. It is not yet known if the small transient negative changes in blood lipids (i.e.,
3 to 6 mg/dl reductions in HDL-C) induced by androstenedione will have a major
impact on the risk for cardiovascular disease. Although estrogen may have cardio-
protective effects,150 it is important to determine inflammatory and atherothrombotic
indices (e.g., homocysteine and C-reactive protein) that determine the health
impact of prohormones on athletes. A future area of study is applying nutrient
interventions to treating side effects of anabolic steroid misuse, some which may
be lifelong.

REFERENCES

1. Pitkanen, H.T., Nykanen, T., Knuutinen, J., Lahti, K., Keinanen, O., Alen, M., Komi,
P.V., and Mero, A.A., Free amino acid pool and muscle protein balance after resistance
exercise, Med. Sci. Sports Exerc., 35, 784–792, 2003.

Muscle Hypertrophy 379

DK6006_C020.qxd  11/11/2005  3:24 PM  Page 379



2. Sheffield-Moore, M., Paddon-Jones, D., Sanford, A.P., Rosenblatt, J.I., Matlock,
A.G., Cree, M.G., and Wolfe, R.R., Mixed muscle and hepatic-derived plasma pro-
tein metabolism is differentially regulated in older and younger men following resis-
tance exercise, Am. J. Physiol. Endocrinol. Metab., 288: E922–E929, 2005.

3. Alway, S.E., MacDougall, J.D., and Sale, D.G., Contractile adaptations in the human
triceps surae after isometric exercise, J. Appl. Physiol., 66, 2725–2732, 1989.

4. Phillips, S.M., Tipton, K.D., Ferrando, A.A., and Wolfe, R.R., Resistance training
reduces the acute exercise-induced increase in muscle protein turnover, Am. J.
Physiol., 276, E118–E124, 1999.

5. Yarasheski, K.E., Exercise, aging, and muscle protein metabolism, J. Gerontol.
A Biol. Sci. Med. Sci., 58, M918–M922, 2003.

6. Chesley, A., MacDougall, J.D., Tarnopolsky, M.A., Atkinson, S.A., and Smith, K.,
Changes in human muscle protein synthesis after resistance exercise, J. Appl.
Physiol., 73, 1383–1388, 1992.

7. Schultz, E., and McCormick, K.M., Skeletal muscle satellite cells, Rev. Physiol.
Biochem. Pharmacol., 123, 213–257, 1994.

8. Hawke, T.J., and Garry, D.J., Myogenic satellite cells: physiology to molecular biology,
J. Appl. Physiol., 91, 534–551, 2001.

9. Mashiko, T., Umeda, T., Nakaji, S., and Sugawara, K., Effects of exercise on the
physical condition of college rugby players during summer training camp, Br. J.
Sports Med., 38, 186–190, 2004.

10. Reichsman, F., Scordilis, S.P., Clarkson, P.M., and Evans, W.J., Muscle protein
changes following eccentric exercise in humans, Eur. J. Appl. Physiol. Occup.
Physiol., 62, 245–250, 1991.

11. Carraro, F., Stuart, C.A., Hartl, W.H., Rosenblatt, J., and Wolfe, R.R., Effect of exer-
cise and recovery on muscle protein synthesis in human subjects, Am. J. Physiol.,
259, E470–E476, 1990.

12. Thyfault, J.P., Carper, M.J., Richmond, S.R., Hulver, M.W., and Potteiger, J.A.,
Effects of liquid carbohydrate ingestion on markers of anabolism following high-
intensity resistance exercise, J. Strength Cond. Res., 18, 174–179, 2004.

13. Alway, S.E., Grumbt, W.H., Gonyea, W.J., and Stray-Gundersen, J., Contrasts in
muscle and myofibers of elite male and female bodybuilders, J. Appl. Physiol., 67,
24–31, 1989.

14. Alway, S.E., Coggan, A.R., Sproul, M.S., Abduljalil, A.M., and Robitaille, P.M.,
Muscle torque in young and older untrained and endurance-trained men, J. Gerontol.
A Biol. Sci. Med. Sci., 51, B195–B201, 1996.

15. Lowe, D.A., and Alway, S.E., Stretch-induced myogenin, MyoD, and MRF4 expres-
sion and acute hypertrophy in quail slow-tonic muscle are not dependent upon satel-
lite cell proliferation, Cell Tissue Res., 296, 531–539, 1999.

16. Siu, P.M., and Alway, S.E., Id2 and p53 participate in apoptosis during unloading-
induced muscle atrophy, Am. J. Physiol. Cell Physiol., 288: C1058–C1073, 2005.

17. Solerte, S.B., Gazzaruso, C., Schifino, N., Locatelli, E., Destro, T., Ceresini, G.,
Ferrari, E., and Fioravanti, M., Metabolic effects of orally administered amino acid
mixture in elderly subjects with poorly controlled type 2 diabetes mellitus, Am. J.
Cardiol., 93, 23A–29A, 2004.

18. Prod’homme, M., Rieu, I., Balage, M., Dardevet, D., and Grizard, J., Insulin and
amino acids both strongly participate to the regulation of protein metabolism, Curr.
Opin. Clin. Nutr. Metab. Care, 7, 71–77, 2004.

380 Scientific Evidence for Musculoskeletal, Bariatric, and Sports Nutrition

DK6006_C020.qxd  11/11/2005  3:24 PM  Page 380



19. Prod’homme, M., Balage, M., Debras, E., Farges, M.C., Kimball, S., Jefferson, L.,
and Grizard, J., Differential effects of insulin and dietary amino acids on muscle
protein synthesis in adult and old rats, J. Physiol., 563: 235–248, 2005.

20. Tischler, M.E., Satarug, S., Aannestad, A., Munoz, K.A., and Henriksen, E.J., Insulin
attenuates atrophy of unweighted soleus muscle by amplified inhibition of protein
degradation, Metabolism, 46, 673–679, 1997.

21. Nygren, J., and Nair, K.S., Differential regulation of protein dynamics in splanchnic
and skeletal muscle beds by insulin and amino acids in healthy human subjects,
Diabetes, 52, 1377–1385, 2003.

22. Fryburg, D.A., and Barrett, E.J., Growth hormone acutely stimulates skeletal mus-
cle but not whole-body protein synthesis in humans, Metabolism, 42, 1223–1227,
1993.

23. Mauras, N., Rini, A., Welch, S., Sager, B., and Murphy, S.P., Synergistic effects of
testosterone and growth hormone on protein metabolism and body composition in
prepubertal boys, Metabolism, 52, 964–969, 2003.

24. Lang, C.H., Frost, R.A., Svanberg, E., and Vary, T.C., IGF-I/IGFBP-3 ameliorates
alterations in protein synthesis, eIF4E availability, and myostatin in alcohol-fed rats,
Am. J. Physiol. Endocrinol. Metab., 286, E916–E926, 2004.

25. Farrell, P.A., Fedele, M.J., Hernandez, J., Fluckey, J.D., Miller, J.L., III, Lang, C.H.,
Vary, T.C., Kimball, S.R., and Jefferson, L.S., Hypertrophy of skeletal muscle in
diabetic rats in response to chronic resistance exercise, J. Appl. Physiol., 87, 1075–1082,
1999.

26. Bush, J.A., Kimball, S.R., O’Connor, P.M., Suryawan, A., Orellana, R.A., Nguyen, H.V.,
Jefferson, L.S., and Davis, T.A., Translational control of protein synthesis in muscle
and liver of growth hormone-treated pigs, Endocrinology, 144, 1273–1283, 2003.

27. Davis, T.A., Fiorotto, M.L., Burrin, D.G., Vann, R.C., Reeds, P.J., Nguyen, H.V.,
Beckett, P.R., and Bush, J.A., Acute IGF-I infusion stimulates protein synthesis in
skeletal muscle and other tissues of neonatal pigs, Am. J. Physiol. Endocrinol.
Metab., 283, E638–E647, 2002.

28. Welle, S., Bhatt, K., Shah, B., and Thornton, C., Insulin-like growth factor-1 and
myostatin mRNA expression in muscle: comparison between 62–77 and 21–31 yr old
men, Exp. Gerontol., 37, 833–839, 2002.

29. Goldspink, G., Age-related muscle loss and progressive dysfunction in mechanosen-
sitive growth factor signaling, Ann. N. Y. Acad. Sci., 1019, 294–298, 2004.

30. Goldspink, G., and Harridge, S.D., Growth factors and muscle ageing, Exp.
Gerontol., 39, 1433–1438, 2004.

31. Brillon, D.J., Zheng, B., Campbell, R.G., and Matthews, D.E., Effect of cortisol on
energy expenditure and amino acid metabolism in humans, Am. J. Physiol., 268,
E501–E513, 1995.

32. Bird, S.P., and Tarpenning, K.M., Influence of circadian time structure on acute
hormonal responses to a single bout of heavy-resistance exercise in weight-trained
men, Chronobiol. Int., 21, 131–146, 2004.

33. Paddon-Jones, D., Sheffield-Moore, M., Urban, R.J., Aarsland, A., Wolfe, R.R., and
Ferrando, A.A., The catabolic effects of prolonged inactivity and acute hypercorti-
solemia are offset by dietary supplementation, J. Clin. Endocrinol. Metab., 90:
1453–1459, 2005.

34. Asthana, S., Bhasin, S., Butler, R.N., Fillit, H., Finkelstein, J., Harman, S.M.,
Holstein, L., Korenman, S.G., Matsumoto, A.M., Morley, J.E., Tsitouras, P., and

Muscle Hypertrophy 381

DK6006_C020.qxd  11/11/2005  3:24 PM  Page 381



Urban, R., Masculine vitality: pros and cons of testosterone in treating the
andropause, J. Gerontol. A Biol. Sci. Med. Sci., 59, 461–465, 2004.

35. Choi, H., Gray, P., Storer, T., Calof, O., Woodhouse, L., Singh, A., Padero, C., Mac, R.,
Sinha-Hikim, I., Shen, R., Dzekov, J., Dzekov, C., Kushnir, M., Rockwood, A.,
Meikle, A., Lee, M., Hays, R., and Bhasin, S., Effects of testosterone replacement in
human immunodeficiency virus-infected women with weight loss, J. Clin.
Endocrinol. Metab., 90: 1531–1541, 2005.

36. Schroeder, E.T., Singh, A., Bhasin, S., Storer, T.W., Azen, C., Davidson, T., Martinez, C.,
Sinha-Hikim, I., Jaque, S.V., Terk, M., and Sattler, F.R., Effects of an oral androgen
on muscle and metabolism in older, community-dwelling men, Am. J. Physiol.
Endocrinol. Metab., 284, E120–E128, 2003.

37. Triantafillopoulos, I.K., Banes, A.J., Bowman, K.F., Jr., Maloney, M., Garrett, W.E., Jr.,
and Karas, S.G., Nandrolone decanoate and load increase remodeling and strength
in human supraspinatus bioartificial tendons, Am. J. Sports Med., 32, 934–943,
2004.

38. Bhasin, S., Storer, T.W., Berman, N., Callegari, C., Clevenger, B., Phillips, J.,
Bunnell, T.J., Tricker, R., Shirazi, A., and Casaburi, R., The effects of supraphysio-
logic doses of testosterone on muscle size and strength in normal men, N. Engl. J.
Med., 335, 1–7, 1996.

39. Herbst, K.L., and Bhasin, S., Testosterone action on skeletal muscle, Curr. Opin.
Clin. Nutr. Metab. Care, 7, 271–277, 2004.

40. Wilson, J.D., Leihy, M.W., Shaw, G., and Renfree, M.B., Androgen physiology:
unsolved problems at the millennium, Mol. Cell. Endocrinol., 198, 1–5, 2002.

41. Tenover, J.S., Declining testicular function in aging men, Int. J. Impot. Res. 15
(Suppl. 4), S3–S8, 2003.

42. Wolfe, R.R., Regulation of skeletal muscle protein metabolism in catabolic states,
Curr. Opin. Clin. Nutr. Metab. Care, 8, 61–65, 2005.

43. Umeda, K., Adachi, S., Watanabe, K., Kimura, N., Lin, Y., and Nakahata, T.,
Successful hematopoietic stem cell transplantation for aplastic anemia following
living-related liver transplantation, Bone Marrow Transplant., 30, 531–534, 2002.

44. Helfman, T., and Falanga, V., Stanozolol as a novel therapeutic agent in dermatology,
J. Am. Acad. Dermatol., 33, 254–258, 1995.

45. Seeman, E., and Eisman, J.A., Treatment of osteoporosis: why, whom, when and
how to treat. The single most important consideration is the individual’s absolute risk
of fracture, Med. J. Austr., 180, 298–303, 2004.

46. Spungen, A.M., Grimm, D.R., Strakhan, M., Pizzolato, P.M., and Bauman, W.A.,
Treatment with an anabolic agent is associated with improvement in respiratory func-
tion in persons with tetraplegia: a pilot study, Mt. Sinai J. Med., 66, 201–205, 1999.

47. Creutzberg, E.C., and Schols, A.M., Anabolic steroids, Curr. Opin. Clin. Nutr. Metab.
Care, 2, 243–253, 1999.

48. Creutzberg, E.C., Wouters, E.F., Mostert, R., Pluymers, R.J., and Schols, A.M.,
A role for anabolic steroids in the rehabilitation of patients with COPD? A double-
blind, placebo-controlled, randomized trial, Chest, 124, 1733–1742, 2003.

49. Welle, S., Jozefowicz, R., Forbes, G., and Griggs, R.C., Effect of testosterone on
metabolic rate and body composition in normal men and men with muscular dystrophy,
J. Clin. Endocrinol. Metab., 74, 332–335, 1992.

50. Newman, A.B., Kupelian, V., Visser, M., Simonsick, E., Goodpaster, B., Nevitt, M.,
Kritchevsky, S.B., Tylavsky, F.A., Rubin, S.M., and Harris, T.B., Sarcopenia: alternative

382 Scientific Evidence for Musculoskeletal, Bariatric, and Sports Nutrition

DK6006_C020.qxd  11/11/2005  3:24 PM  Page 382



definitions and associations with lower extremity function, J. Am. Geriatr. Soc., 51,
1602–1609, 2003.

51. Goldstat, R., Briganti, E., Tran, J., Wolfe, R., and Davis, S.R., Transdermal testosterone
therapy improves well-being, mood, and sexual function in premenopausal women,
Menopause, 10, 390–398, 2003.

52. Iannuzzi-Sucich, M., Prestwood, K.M., and Kenny, A.M., Prevalence of sarcopenia
and predictors of skeletal muscle mass in healthy, older men and women, J. Gerontol.
A Biol. Sci. Med. Sci., 57, M772–M777, 2002.

53. Snyder, P.J., Effects of age on testicular function and consequences of testosterone
treatment, J. Clin. Endocrinol. Metab., 86, 2369–2372, 2001.

54. Wittert, G.A., Chapman, I.M., Haren, M.T., Mackintosh, S., Coates, P., and Morley, J.E.,
Oral testosterone supplementation increases muscle and decreases fat mass in
healthy elderly males with low-normal gonadal status, J. Gerontol. A Biol. Sci. Med.
Sci., 58, 618–625, 2003.

55. Alway, S.E., Characteristics of the elbow flexors in women bodybuilders using
anabolic steroids, J. Strength Cond. Res., 8, 161–169, 1994.

56. Hartgens, F., and Kuipers, H., Effects of androgenic–anabolic steroids in athletes,
Sports Med., 34, 513–554, 2004.

57. Monks, D.A., O’Bryant, E.L., and Jordan, C.L., Androgen receptor immunoreactivity
in skeletal muscle: enrichment at the neuromuscular junction, J. Comp. Neurol., 473,
59–72, 2004.

58. Sinha-Hikim, I., Taylor, W.E., Gonzalez-Cadavid, N.F., Zheng, W., and Bhasin, S.,
Androgen receptor in human skeletal muscle and cultured muscle satellite cells: up-
regulation by androgen treatment, J. Clin. Endocrinol. Metab., 89, 5245–5255, 2004.

59. Bribiescas, R.G., Age-related differences in serum gonadotropin (FSH and LH),
salivary testosterone, and 17-beta estradiol levels among Ache Amerindian males of
Paraguay, Am. J. Phys. Anthropol., 2004.

60. Blouin, K., Richard, C., Belanger, C., Dupont, P., Daris, M., Laberge, P., Luu-The, V.,
and Tchernof, A., Local androgen inactivation in abdominal visceral adipose
tissue, J. Clin. Endocrinol. Metab., 88, 5944–5950, 2003.

61. Labrie, F., Adrenal androgens and intracrinology, Semin. Reprod. Med., 22, 299–309,
2004.

62. King, D.S., Sharp, R.L., Vukovich, M.D., Brown, G.A., Reifenrath, T.A., Uhl, N.L.,
and Parsons, K.A., Effect of oral androstenedione on serum testosterone and adapta-
tions to resistance training in young men: a randomized controlled trial, JAMA, 281,
2020–2028, 1999.

63. Bahrke, M.S., and Yesalis, C.E., Abuse of anabolic androgenic steroids and related
substances in sport and exercise, Curr. Opin. Pharmacol., 4, 614–620, 2004.

64. Roy, S., Mahesh, V.B., and Greenblatt, R.B., Effect of dehydroepiandrosterone and
delta4-androstenedione on the reproductive organs of female rats: production of
cystic changes in the ovary, Nature, 196, 42–43, 1962.

65. Mahesh, V.B., and Greenblatt, R.B., Isolation of dehydroepiandrosterone and 17alpha-
hydroxy-delta5-pregenolone from the polycystic ovaries of the Stein–Leventhal
syndrome, J. Clin. Endocrinol. Metab., 22, 441–448, 1962.

66. Blaquier, J., Forchielli, E., and Dorfman, R.I., In vitro metabolism of androgens in
whole human blood, Acta Endocrinol. (Copenhagen), 55, 697–704, 1967.

67. Blaquier, J., Dorfman, R.I., and Forchielli, E., Formation of epitestosterone by human
blood and adrenal tissue, Acta Endocrinol. (Copenhagen), 54, 208–214, 1967.

Muscle Hypertrophy 383

DK6006_C020.qxd  11/11/2005  3:24 PM  Page 383



68. Longcope, C., Dehydroepiandrosterone metabolism, J. Endocrinol., 150 (Suppl.),
S125–S127, 1996.

69. Wallace, M.B., Lim, J., Cutler, A., and Bucci, L., Effects of dehydroepiandrosterone
vs androstenedione supplementation in men, Med. Sci. Sports Exerc., 31, 1788–1792,
1999.

70. Ballantyne, C.S., Phillips, S.M., MacDonald, J.R., Tarnopolsky, M.A., and
MacDougall, J.D., The acute effects of androstenedione supplementation in healthy
young males, Can. J. Appl. Physiol., 25, 68–78, 2000.

71. Leder, B.Z., Longcope, C., Catlin, D.H., Ahrens, B., Schoenfeld, D.A., and
Finkelstein, J.S., Oral androstenedione administration and serum testosterone
concentrations in young men, JAMA, 283, 779–782, 2000.

72. Brown, G.A., Vukovich, M.D., Martini, E.R., Kohut, M.L., Franke, W.D., Jackson, D.A.,
and King, D.S., Effects of androstenedione-herbal supplementation on serum sex
hormone concentrations in 30- to 59-year-old men, Int. J. Vitam. Nutr. Res., 71,
293–301, 2001.

73. Brown, G.A., Vukovich, M.D., Martini, E.R., Kohut, M.L., Franke, W.D., Jackson, D.A.,
and King, D.S., Endocrine and lipid responses to chronic androstenediol-herbal
supplementation in 30 to 58 year old men, J. Am. Coll. Nutr., 20, 520–528, 2001.

74. Broeder, C.E., Quindry, J., Brittingham, K., Panton, L., Thomson, J., Appakondu, S.,
Breuel, K., Byrd, R., Douglas, J., Earnest, C., Mitchell, C., Olson, M., Roy, T., and
Yarlagadda, C., The Andro Project: physiological and hormonal influences of
androstenedione supplementation in men 35 to 65 years old participating in a high-
intensity resistance training program, Arch. Intern. Med., 160, 3093–3104, 2000.

75. Broeder, C.E., Oral andro-related prohormone supplementation: do the potential
risks outweigh the benefits? Can. J. Appl. Physiol., 28, 102–116, 2003.

76. Williams, M.H., Nutrition for Health, Fitness and Sport, 6th ed., McGraw-Hill, 2002.
77. Horton, R., and Tait, J.F., Androstenedione production and interconversion rates

measured in peripheral blood and studies on the possible site of its conversion to
testosterone, J. Clin. Invest., 45, 301–313, 1966.

78. Morley, J.E., Anorexia, sarcopenia, and aging, Nutrition, 17, 660–663, 2001.
79. Thiblin, I., and Petersson, A., Pharmacoepidemiology of anabolic androgenic

steroids: a review, Fundam. Clin. Pharmacol., 19, 27–44, 2005.
80. Gallaway, S., The Steroid Bible, BI Press, Sacramento, 1997.
81. Parssinen, M., and Seppala, T., Steroid use and long-term health risks in former

athletes, Sports Med., 32, 83–94, 2002.
82. Babigian, A., and Silverman, R.T., Management of gynecomastia due to use of

anabolic steroids in bodybuilders, Plast. Reconstr. Surg., 107, 240–242, 2001.
83. Calzada, L., Torres-Calleja, J., Martinez, J.M., and Pedron, N., Measurement of

androgen and estrogen receptors in breast tissue from subjects with anabolic steroid-
dependent gynecomastia, Life Sci., 69, 1465–1469, 2001.

84. Saltzstein, D., Sieber, P., Morris, T., and Gallo, J., Prevention and management of
bicalutamide-induced gynecomastia and breast pain: randomized endocrinologic and
clinical studies with tamoxifen and anastrozole, Prostate Cancer Prostatic Dis., 8:
75–83, 2005.

85. Marks, R., Acne and its management beyond the age of 35 years, Am. J. Clin.
Dermatol., 5, 459–462, 2004.

86. Triemstra, J.L., and Wood, R.I., Testosterone self-administration in female hamsters,
Behav. Brain Res., 154, 221–229, 2004.

384 Scientific Evidence for Musculoskeletal, Bariatric, and Sports Nutrition

DK6006_C020.qxd  11/11/2005  3:24 PM  Page 384



87. Derman, R.J., Effects of sex steroids on women’s health: implications for practition-
ers, Am. J. Med., 98, 137S–143S, 1995.

88. Malarkey, W.B., Strauss, R.H., Leizman, D.J., Liggett, M., and Demers, L.M.,
Endocrine effects in female weight lifters who self-administer testosterone and
anabolic steroids, Am. J. Obstet. Gynecol., 165, 1385–1390, 1991.

89. Friedl, K.E., Effect of anabolic steroids on physcial health, in Anabolic Steroids in
Sport and Exercise, 2nd ed., Yesalis, C.E., Ed., Champaign, 2000, pp. 175–225.

90. Elliot, D.L., and Goldberg, L., Women and anabolic steroids, in Anabolic Steroids
in Sport and Exercise, Yesalis, C.E., Ed., Human Kinetics, Champaign, 2000,
pp. 225–246.

91. Feller, A.A., Mylonakis, E., and Rich, J.D., Medical complications of anabolic
steroids, Med. Health R. I., 85, 338–340, 2002.

92. Bahrke, M.S., Yesalis, C.E., III, and Wright, J.E., Psychological and behavioural
effects of endogenous testosterone levels and anabolic–androgenic steroids among
males. A review, Sports Med., 10, 303–337, 1990.

93. Haren, M.T., Wittert, G.A., Chapman, I.M., Coates, P., and Morley, J.E., Effect of
oral testosterone undecanoate on visuospatial cognition, mood and quality of life in
elderly men with low-normal gonadal status, Maturitas, 50, 124–133, 2005.

94. Perry, P.J., Kutscher, E.C., Lund, B.C., Yates, W.R., Holman, T.L., and Demers, L.,
Measures of aggression and mood changes in male weightlifters with and without
androgenic anabolic steroid use, J. Forensic Sci., 48, 646–651, 2003.

95. Bahrke, M.S., Psychological effects of endogenous testosterone and anabolic–
androgenic steroids, in Anabolic Steroids in Sport and Exercise, Yesalis, C.E., Ed.,
Human Kinetics, Champaign, 2000, pp. 247–278.

96. Yates, W.R., Perry, P.J., MacIndoe, J., Holman, T., and Ellingrod, V., Psychosexual
effects of three doses of testosterone cycling in normal men, Biol. Psychiatry, 45,
254–260, 1999.

97. Kenney, J., Extent and nature of illicit trafficking in anabolic steroids. Report of
the International Conference on the Abuse of Trafficking of Anabolic Steroids,
United States Drug Enforcement Administration Conference Report, 34–35, 1994,
Washington, DC.

98. Payne, J.R., Kotwinski, P.J., and Montgomery, H.E., Cardiac effects of anabolic
steroids, Heart, 90, 473–475, 2004.

99. Wright, J.E., Anabolic steroids and athletics, Exerc. Sport Sci. Rev., 8, 149–202,
1980.

100. Glazer, G., Atherogenic effects of anabolic steroids on serum lipid levels. A litera-
ture review, Arch. Intern. Med., 151, 1925–1933, 1991.

101. Palatini, P., Giada, F., Garavelli, G., Sinisi, F., Mario, L., Michieletto, M., and
Baldo-Enzi, G., Cardiovascular effects of anabolic steroids in weight-trained
subjects, J. Clin. Pharmacol., 36, 1132–1140, 1996.

102. Glazer, G., and Suchman, A.L., Lack of demonstrated effect of nandrolone on serum
lipids, Metabolism, 43, 204–210, 1994.

103. Hartgens, F., Rietjens, G., Keizer, H.A., Kuipers, H., and Wolffenbuttel, B.H.,
Effects of androgenic–anabolic steroids on apolipoproteins and lipoprotein (a), Br.
J. Sports Med., 38, 253–259, 2004.

104. Urhausen, A., Torsten, A., and Wilfried, K., Reversibility of the effects on blood
cells, lipids, liver function and hormones in former anabolic–androgenic steroid
abusers, J. Steroid Biochem. Mol. Biol., 84, 369–375, 2003.

Muscle Hypertrophy 385

DK6006_C020.qxd  11/11/2005  3:24 PM  Page 385



105. Grace, F.M., and Davies, B., Raised concentrations of C reactive protein in anabolic
steroid using bodybuilders, Br. J. Sports Med., 38, 97–98, 2004.

106. Urhausen, A., Albers, T., and Kindermann, W., Are the cardiac effects of anabolic
steroid abuse in strength athletes reversible? Heart, 90, 496–501, 2004.

107. Shapiro, J., Christiana, J., and Frishman, W.H., Testosterone and other anabolic
steroids as cardiovascular drugs, Am. J. Ther., 6, 167–174, 1999.

108. Ansell, J.E., Tiarks, C., and Fairchild, V.K., Coagulation abnormalities associated
with the use of anabolic steroids, Am. Heart J., 125, 367–371, 1993.

109. Winkler, U.H., Effects of androgens on haemostasis, Maturitas, 24, 147–155, 1996.
110. Crook, D., Sidhu, M., Seed, M., O’Donnell, M., and Stevenson, J.C., Lipoprotein

Lp(a) levels are reduced by danazol, an anabolic steroid, Atherosclerosis, 92, 41–47,
1992.

111. Johnson, C.A., Use of androgens in patients with renal failure, Semin. Dial., 13,
36–39, 2000.

112. LeGros, T., McConnell, D., Murry, T., Edavettal, M., Racey-Burns, L.A.,
Shepherd, R.E., and Burns, A.H., The effects of 17 alpha-methyltestosterone on
myocardial function in vitro, Med. Sci. Sports Exerc., 32, 897–903, 2000.

113. Grace, F., Sculthorpe, N., Baker, J., and Davies, B., Blood pressure and rate pres-
sure product response in males using high-dose anabolic androgenic steroids
(AAS), J. Sci. Med. Sport, 6, 307–312, 2003.

114. Riebe, D., Fernhall, B., and Thompson, P.D., The blood pressure response to exer-
cise in anabolic steroid users, Med. Sci. Sports Exerc., 24, 633–637, 1992.

115. Kuipers, H., Wijnen, J.A., Hartgens, F., and Willems, S.M., Influence of anabolic
steroids on body composition, blood pressure, lipid profile and liver functions in
body builders, Int. J. Sports Med., 12, 413–418, 1991.

116. Gragera, R., Saborido, A., Molano, F., Jimenez, L., Muniz, E., and Megias, A.,
Ultrastructural changes induced by anabolic steroids in liver of trained rats, Histol.
Histopathol., 8, 449–455, 1993.

117. Ishak, K.G., Hepatic lesions caused by anabolic and contraceptive steroids, Semin.
Liver Dis., 1, 116–128, 1981.

118. Mottram, D.R., and George, A.J., Anabolic steroids, Baillieres Best Pract. Res. Clin.
Endocrinol. Metab., 14, 55–69, 2000.

119. Dourakis, S.P., and Tolis, G., Sex hormonal preparations and the liver, Eur. J.
Contracept. Reprod. Health Care, 3, 7–16, 1998.

120. Stimac, D., Milic, S., Dintinjana, R.D., Kovac, D., and Ristic, S., Androgenic/
anabolic steroid-induced toxic hepatitis, J. Clin. Gastroenterol., 35, 350–352, 2002.

121. Simon, D.M., Krause, R., and Galambos, J.T., Peliosis hepatis in a patient with
marasmus, Gastroenterology, 95, 805–809, 1988.

122. Boada, L.D., Zumbado, M., Torres, S., Lopez, A., Diaz-Chico, B.N., Cabrera, J.J.,
and Luzardo, O.P., Evaluation of acute and chronic hepatotoxic effects exerted by
anabolic–androgenic steroid stanozolol in adult male rats, Arch. Toxicol., 73,
465–472, 1999.

123. Dickerman, R.D., Pertusi, R.M., Zachariah, N.Y., Dufour, D.R., and McConathy, W.J.,
Anabolic steroid-induced hepatotoxicity: is it overstated? Clin. J. Sport Med., 9,
34–39, 1999.

124. van Breda, E., Keizer, H.A., Kuipers, H., and Wolffenbuttel, B.H., Androgenic
anabolic steroid use and severe hypothalamic–pituitary dysfunction: a case study,
Int. J. Sports Med., 24, 195–196, 2003.

386 Scientific Evidence for Musculoskeletal, Bariatric, and Sports Nutrition

DK6006_C020.qxd  11/11/2005  3:24 PM  Page 386



125. Cohen, J.C., and Hickman, R., Insulin resistance and diminished glucose tolerance
in powerlifters ingesting anabolic steroids, J. Clin. Endocrinol. Metab., 64, 960–963,
1987.

126. Rogol, A.D., Sex steroid and growth hormone supplementation to enhance performance
in adolescent athletes, Curr. Opin. Pediatr., 12, 382–387, 2000.

127. Houchin, L.D., and Rogol, A.D., Androgen replacement in children with constitu-
tional delay of puberty: the case for aggressive therapy, Baillieres Clin. Endocrinol.
Metab., 12, 427–440, 1998.

128. Mottram, D.R., Banned drugs in sport. Does the International Olympic Committee
(IOC) list need updating? Sports Med., 27, 1–10, 1999.

129. Chester, N., Reilly, T., and Mottram, D.R., Over-the-counter drug use amongst
athletes and non-athletes, J. Sports Med. Phys. Fitness, 43, 111–118, 2003.

130. Cawley, A.T., Hine, E.R., Trout, G.J., George, A.V., and Kazlauskas, R., Searching
for new markers of endogenous steroid administration in athletes: “looking outside
the metabolic box”, Forensic Sci. Int., 143, 103–114, 2004.

131. Delbeke, F.T., Van Eenoo, P., Van Thuyne, W., and Desmet, N., Prohormones and
sport, J. Steroid Biochem. Mol. Biol., 83, 245–251, 2002.

132. Parr, M.K., Geyer, H., Reinhart, U., and Schanzer, W., Analytical strategies for the
detection of non-labelled anabolic androgenic steroids in nutritional supplements,
Food Addit. Contam., 21, 632–640, 2004.

133. International Olympic Committee, Analysis of non-hormonal nutritional supple-
ments for anabolic–androgenic steroids, http://multimedia olympic org/pdf/en_
report_324 pdf 83, 245–251, 2002.

134. Van Thuyne, W., and Delbeke, F.T., Validation of a GC-MS screening method for
anabolizing agents in solid nutritional supplements, Biomed. Chromatogr., 18,
155–159, 2004.

135. Schanzer, W., Metabolism of anabolic androgenic steroids, Clin. Chem., 42,
1001–1020, 1996.

136. Catlin, D.H., Cowan, D.A., de la Torre, R., Donike, M., Fraisse, D., Oftebro, H.,
Hatton, C.K., Starcevic, B., Becchi, M., de la Torre, X., Norli, H., Geyer, H., and
Walker, C.J., Urinary testosterone (T) to epitestosterone (E) ratios by GC/MS.
I. Initial comparison of uncorrected T/E in six international laboratories, J. Mass
Spectrom., 31, 397–402, 1996.

137. Catlin, D.H., Hatton, C.K., and Starcevic, S.H., Issues in detecting abuse of xeno-
biotic anabolic steroids and testosterone by analysis of athletes’ urine, Clin. Chem.,
43, 1280–1288, 1997.

138. Aguilera, R., Hatton, C.K., and Catlin, D.H., Detection of epitestosterone doping by
isotope ratio mass spectrometry, Clin. Chem., 48, 629–636, 2002.

139. Aguilera, R., Chapman, T.E., Starcevic, B., Hatton, C.K., and Catlin, D.H.,
Performance characteristics of a carbon isotope ratio method for detecting doping
with testosterone based on urine diols: controls and athletes with elevated testos-
terone/epitestosterone ratios, Clin. Chem., 47, 292–300, 2001.

140. Bowers, L.D., Oral dehydroepiandrosterone supplementation can increase the
testosterone/epitestosterone ratio, Clin. Chem., 45, 295–297, 1999.

141. Rizner, T.L., and Zakelj-Mavric, M., Characterization of fungal 17beta-hydroxysteroid
dehydrogenases, Comp. Biochem. Physiol. B Biochem. Mol. Biol., 127, 53–63, 2000.

142. de la Torre, R., de la Torre, X., Alia, C., Segura, J., Baro, T., and Torres-Rodriguez,
J.M., Changes in androgenic steroid profile due to urine contamination by

Muscle Hypertrophy 387

DK6006_C020.qxd  11/11/2005  3:24 PM  Page 387



microorganisms: a prospective study in the context of doping control, Anal. Biochem.,
289, 116–123, 2001.

143. Jimenez, C., Ventura, R., Williams, J., Segura, J., and de la Torre, R., Reference mate-
rials for analytical toxicology including doping control: freeze-dried urine samples,
Analyst, 129, 449–455, 2004.

144. Maughan, R.J., King, D.S., and Lea, T., Dietary supplements, J. Sports Sci., 22,
95–113, 2004.

145. Kohler, R.M., and Lambert, M.I., Urine nandrolone metabolites: false positive
doping test? Br. J. Sports Med., 36, 325–329, 2002.

146. Gambelunghe, C., Sommavilla, M., and Rossi, R., Testing for nandrolone metabo-
lites in urine samples of professional athletes and sedentary subjects by GC/MS/MS
analysis, Biomed. Chromatogr. 16, 508–512, 2002.

147. Van Eenoo, P., Delbeke, F.T., de Jong, F.H., and De Backer, P., Endogenous
origin of norandrosterone in female urine: indirect evidence for the production
of 19-norsteroids as by-products in the conversion from androgen to estrogen,
J. Steroid Biochem. Mol. Biol., 78, 351–357, 2001.

148. Schmitt, N., Flament, M.M., Goubault, C., Legros, P., Grenier-Loustalot, M.F., and
Denjean, A., Nandrolone excretion is not increased by exhaustive exercise in trained
athletes, Med. Sci. Sports Exerc., 34, 1436–1439, 2002.

149. Ritter, S., Washington, C., and Washington, E.N., Designer steroid rocks sports
world, Chem. Eng. News, 81, 83–94, 2003.

150. Gross, M.L., Ritz, E., Korsch, M., Adamczak, M., Weckbach, M., Mall, G., Berger, I.,
Hansen, A., and Amann, K., Effects of estrogens on cardiovascular structure in
uninephrectomized SHRsp rats, Kidney Int., 67, 849–857, 2005.

388 Scientific Evidence for Musculoskeletal, Bariatric, and Sports Nutrition

DK6006_C020.qxd  11/11/2005  3:24 PM  Page 388



Section V

Soft Tissue

DK6006_C021.qxd  11/11/2005  3:25 PM  Page 389



This page intentionally left blank 



CONTENTS

Definition  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 391
Pathophysiology  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 392
Treatment Goals  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 394

Pain Control  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 394
Biomechanics  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 394
Weight Management  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 395
Reduce Inflammation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 395
Regenerate Cartilage  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 395

Nutritional Substrates for Cartilage Repair and Regeneration  . . . . . . . . . . . 397
Glucosamine  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 397
Chondroitin Sulfate  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 398
S-Adenosyl Methionine (SAMe)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 399
Hyaluronic Acid  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 399
Omega-3 Fatty Acids  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 400
Vitamin C (Ascorbic Acid)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 401
Avocado/Soybean Unsaponifiable Residues (ASU)  . . . . . . . . . . . . . . . 401
Niacinamide (Vitamin B3)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 401
Additional Nutrients  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 402

Duration and Selection of Joint Support Supplementation . . . . . . . . . . . . . . 402
Summary  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 403
References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 403

DEFINITION

Osteoarthritis (OA) is characterized by progressive degeneration of articular
cartilage with resultant joint space narrowing, cysts, and osteophyte formation.
OA occurs and progresses when regeneration cannot keep pace with the rate of
cartilage loss. Joint deterioration occurs when the biomaterial properties of the
articular cartilage are inadequate or the load on the joint is excessive.1,2 Joint
vulnerability can stem from injury, malalignment, muscle weakness, genetic and
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ethnic predisposition, aging, and nutritional factors. Additional insult on the total
joint load can come from the extra weight burden associated with obesity and
certain physical activities (i.e., high-impact sports). Nutritional interventions and
in particular certain joint support supplements can play a key role in the manage-
ment of patients with OA.

Pain, stiffness, and loss of function are the most common complaints among
individuals with OA, causing it to be the leading cause of physical disability in
industrialized societies.3 Despite the high frequency of disability associated with
the disease, OA pain may not correlate with the amount of structural damage
within the joint. Several studies have demonstrated joints that show similar
amounts of loss on x-ray exhibiting considerable variation in function and pain.4,5

Age is the single risk factor most strongly correlated with OA and some
studies suggest that more than 80% of individuals over the age of 75 years are
affected.6,7 Age-related tissue changes are believed to be because of a decrease in
the repair mechanisms of chondrocytes. With age, chondrocytes are unable to
maintain synthetic activity, exhibit decreased responsiveness to anabolic growth
factors, synthesize smaller and less uniform proteoglycans and fewer functional
link proteins.7 Given the vulnerability of aging joints and the lack of correlation
between symptoms and loss of cartilage, it is advisable to ensure proper joint
mechanics and nutrition in all elderly individuals.

Excessive impact loading, such as jobs that require heavy lifting and repeti-
tive, high-impact sports, are strongly associated with joint injury and increase risk
of developing OA.8 It has been theorized that excessive loads may cause
microfractures of adjacent bone and subsequent callus formation, resulting in
bone that is less effective as a shock absorber and predisposing articular cartilage
to excessive impact loading and, eventually, degeneration.7 More overtly, the
increased risk of OA associated with injuries such as ligament tears and meniscal
injuries, which are more frequent in athletes, has long been appreciated.8

Greater body mass index (BMI) in both women and men has been associated
with an increase in risk of OA. Obesity significantly increases the risk of knee
symptoms and radiographic osteophytes. Obesity likely contributes to OA by
increasing the forces at weight-bearing joints, changing posture, gait, and the
physical activity level, any or all of which may further contribute to altered joint
biomechanics.9

PATHOPHYSIOLOGY

OA is characterized initially by irregularities of the articular cartilage surface, a
thickening of subchondral bone, and the formation of marginal osteophytes.
Eventually, changes include cartilage softening, ulceration, and focal disintegra-
tion within the joint with the most striking changes usually seen in load-bearing
areas of the articular cartilage.

Chondrocytes comprise the entire cellular matrix of the joint capsule whereas
the substrate of the extracellular matrix consists of collagen and polysaccharides
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known as glucosaminoglycans (GAGs). Substantial GAGs in the extracellular
matrix include hyaluronic acid, chondroitin-4-sulfate, chondrotin-6-sulfate, der-
matan sulfate, and keratan sulfate. The primary roles of the extracellular matrix
include shock absorption, maintaining viscosity, and the nourishment of the
chondrocytes. The primary role of the chondrocytes is the ongoing synthesis of
matrix components. In short, the health of the joint is dependent on the function
and quality of the chondrocyte and the extracellular matrix.

Early in the course of the disease there is evidence of enhanced chondrocyte
replication, suggestive of attempts at repair. In spite of accelerated metabolism
within the chondrocyte, the synthesis of matrix substrates is insufficient and
results in a decreased concentration of sulfur-containing proteoglycans within the
extracellular space. The failure of chondrocytes to compensate for the proteogly-
can loss results in a net loss of major matrix contents, including chondrocytes.10

The loss of proteoglycan density causes an influx of water into the matrix.
The influx of water weakens the chemical bonds within the matrix, decreasing the
matrix viscosity as well as its capacity to absorb shock and nourish the chondro-
cytes. The hypertrophy and subsequent death of the chondrocytes causes hyaline
cartilage to degenerate and the matrix begins to calcify.11,12 The progressive deple-
tion of sulfated proteoglycans from the extracellular matrix of articular cartilage,
one of the earliest manifestations of OA, is thought to be because of enhanced
activity of the lysosomal enzymes arylsulfatases A and B.13

Interleukin-1 (IL-1) is the prototypical inflammatory cytokine implicated in sig-
naling the degradation of cartilage matrix in OA. IL-1 stimulates and upregulates
the production of proteinases that cleave proteoglycan. Intra-articular injection of
IL-1 induces proteoglycan loss and an IL-1 receptor antagonist slows progression
of cartilage loss in animal models of OA.14 Given the role of IL-1 in promoting car-
tilage degradation, IL-1 inhibition is a logical treatment target in OA.

In addition to the production of proteinases, IL-1 triggers an entire cascade of
proinflammatory and catabolic cytokines including tumor necrosis factor-

(TNF-
), IL-6, IL-8, and PGE2, which act synergistically with IL-1 to perpetu-
ate the proinflammatory cascade.14 TNF-
 induces cartilage degeneration by both
sustaining cytokine production and increasing expression of collagenases and
proteinases.15 In response to IL-1, chondrocytes secrete neutral metallopro-
teinases (MMP) and active oxygen species that are directly implicated in the
destruction of cartilage matrix. Moreover, this cytokine is a potent inhibitor of
proteoglycan and collagen synthesis.16

Editor’s Note

When sufficiently available, nutrients provide 24/7 coverage for cartilage repair.
The modern diet is low in these primarily sulfur-containing nutrients, and as a
result minor trauma is more likely to damage cartilage. Adjusting the diet and
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incorporating supplemental nutrients is particularly relevant given the prevalence
of OA and the side effects of current long-term medical management. Repletion
of nutrients generally benefits the entire body, not just the arthritic joint.

TREATMENT GOALS

The primary treatment targets for OA include the reduction of pain and inflamma-
tion, restoration of good mechanics, halting degeneration, and encouraging regen-
eration of cartilage. Nutritional therapies provide the substrate for cartilage
regeneration and have demonstrated efficacy in controlling pain and inflammation.

PAIN CONTROL

Pain is the primary complaint among sufferers of OA and, as far as the patient is
concerned, the success of any treatment is often measured by its ability to reduce
pain. It has long been known that cortisone and hydrocortisone inhibit cartilage
growth and matrix formation11 and for this reason steroids are typically avoided.
Conventional pharmacological treatment of OA consists primarily of nonsteroidal
anti-inflammatory drugs (NSAIDs) and analgesics.

While NSAIDs are effective in the reduction of pain, the long-term use of
NSAIDs is not recommended in OA17 because of the tremendous side-effect pro-
file of these agents. Each year, as many as 7600 deaths and 76,000 hospitalizations
in the United States, 2000 deaths in the United Kingdom, and 365 deaths and 3900
hospitalizations in Canada may be attributable to NSAIDs.10 Epidemiological data
suggest NSAIDs are currently overused in OA management based on the preva-
lence of the disease and the disproportionate volume of side effects noted. In addi-
tion to the inherent side effects of NSAIDs, there is evidence, both in animals with
experimental OA and in humans, that administration of NSAIDs may actually
accelerate joint destruction18–21 but this is still debated in the literature.22 Because
of the high incidence of side effects from NSAIDs, clinicians are advised to avoid
NSAIDs when possible and use on a short-term basis when necessary.

Several nutritional supplements have been shown to be as effective as
NSAIDs in reducing pain and improving functional limitation in patients with
OA without adverse effects common to NSAIDs. A 2004 study demonstrated
S-adenosyl methionine (SAMe) (1200 mg/d) was as effective as a commonly
prescribed COX-2 inhibitor, but with a slower onset of action and a lower inci-
dence of side effects.23 Other nutritional supplements that have shown to alleviate
pain in OA are discussed in detail later in this chapter.

BIOMECHANICS

OA occurs more commonly in a number of areas of the body: the C5–7 areas of
the cervical spine, the L4–S1 areas of the lumbar spine, the knees, hips, and the
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IP and DIP joints of the hands. The hips and knees are weight-bearing joints and
excessive or abnormal loads can contribute to the development and progress
of OA. Dysfunctional mechanics at a joint can create excessive shearing and abnor-
mal forces on articular cartilage contributing to the progression of Degenerative
Joint Disease (DJD). Dysfunctional mechanics can result from alignment dysfunc-
tion at the foot, gait dysfunction, overuse in exercise and sports, and poor posture.
A patient who has OA of the lower extremity or spine needs a good gait and
biomechanics evaluation to evaluate problems with ligament laxity, foot biome-
chanics, muscle strength, muscle tightness, and joint restriction.

Exercise recommendations (aerobic options, strength and balance exercise)
should be given to patients with OA. The clinician should help the patient to
choose exercise options that are less likely to cause progression of osteoarthritic
changes. Patients with moderately severe OA of the ankle, knee, hip, or low
back should limit high-impact aerobic activities such as running and jumping
activities.

WEIGHT MANAGEMENT

In patients who are obese and have OA of the ankle, knee, hips, or lumbar spine
weight reduction should be targeted as a clinical goal to decrease the abnormal
and excessive forces in the ankles, knees, and hips in individuals with an elevated
BMI. Obesity can alter the biomechanics of gait and cause abnormal forces espe-
cially in the lower extremity.

REDUCE INFLAMMATION

Inflammatory mediators are integral in the pathogenesis of OA. Human OA car-
tilage expresses modulators of inflammation (COX-2, 5-LOX, FLAP, IL-1
,
TNF
)24 that normal human cartilage does not. Inhibition of inflammatory medi-
ators curbs disease progression and has long been a target for treatment. The past
decade has elucidated the mechanism by which several nutritional supplements
reduce inflammation. Table 21.1 summarizes the mechanism by which avocado/
soybean unsaponifiable residues, omega-3 fatty acids, SAMe, and glucosamine
interfere with the inflammatory cascade.

REGENERATE CARTILAGE

Whereas analgesics most effectively address patient concerns in the short term,
the regeneration of cartilage must be an emphasis of treatment to avoid disease
progression. Substantial evidence, in vitro and in vivo, attests to the ability of
nutritional agents to enhance proteoglycan synthesis, increase the strength of the
collagen network, decrease proteinases that degrade collagen and proteoglycans
(aggrecanase), and decrease IL-1 and subsequent proinflammatory cytokines that
further perpetuate cartilage degradation.
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TABLE 21.1

Nutrient Mechanism of action Reference

Analgesic

Avocado/soybean Analgesic Lequesne, Maheu et al. (2002)
unsaponifiable residues

Chondroitin sulfate Analgesic Morreale, Manopulo et al. (1996)
Glucosamine sulfate Analgesic Matheson and Perry (2003),

Bruyere, Pavelka et al. (2004)
SAMe Analgesic Najm, Reinsch et al. (2004)

Modulate inflammation

Avocado/soybean Modulate inflammation by Hauselmann (2001)
unsaponifiable residues suppressing IL-1, PGE-2,

IL-6, IL-8
Omega-3 fatty acids Modulate inflammation by Curtis (2000)

suppressing IL-1, TNF-
, PGE-2,
5-LOX, FLAP, COX-2

SAMe Modulate inflammation by Gloystein, Gillespie et al. (2003)
suppressing IL-1, TNF-


Glucoasamine Modulate inflammation by Nakamura, Shibakawa et al. (2004)
suppressing PGE-2

Cartilage regeneration

Chondroitin sulfate Increase proteoglycan synthesis Reginster (2003)
Glucosamine sulfate Increase proteoglycan synthesis, Matheson and Perry (2003),

increase chondrocyte matrix Poustie, Carran et al. (2004)
gene expression

SAMe Increase proteoglycan synthesis Gloystein, Gillespie et al. (2003),
Bottiglieri (2002)

Vitamin C Increase proteoglycan synthesis Schwartz and Adamy (1977)
Avocado/soybean Increase collagen synthesis, Boumediene, Felisaz et al. (1999),

unsaponifiable residues stimulate TGF-�1, stimulate Hauselmann (2001)
plasminogen activator
inhibitor-1 expression

Vitamin C Increase collagen synthesis, Spanheimer, Bird et al. (1986),
stabilization of the mature Peterkofsky (1991)
collagen fibril

Decrease degradation

Glucosamine sulfate Decrease collagen degradation Christgau, Henrotin et al. (2004)
n – 3 PUFA Decreases degradation by Curtis (2000)

inhibiting ADAMTS-4, MMP-3,
MMP-13, aggrecanase

Vitamin C Decrease degradation by Schwartz and Adamy (1977)
inhibiting aggrecanase

Avocado/soybean Decrease degradation by Henrotin, Labasse et al. (1998),
unsaponifiable residues inhibiting metalloproteinase Ernst (2003), Hauselmann (2001)

activity and collagenase synthesis
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NUTRITIONAL SUBSTRATES FOR CARTILAGE
REPAIR AND REGENERATION

The study of nutrition is especially pertinent in OA, where the pathophysiology is,
by definition, an inability to maintain the growth and replacement of damaged com-
ponents of the joint. Nourishment of the joint is complicated in that cartilage is nei-
ther vascularized (except for the outer third of the meniscus cartilage of the knees)
nor supplied with nerves or lymphatic vessels. Chondrocytes receive their nourish-
ment from synovial fluid. The use of nutritional supplements to support joints with
osteoarthritic changes makes sense primarily if there is cartilage surface remaining
as opposed to bone on bone anatomy. Providing substrate for cartilage regeneration
has its basis in biochemistry and numerous scientific studies. Most of the studies
have been done regarding OA of the knee.

Sulfur is an essential component of the GAGs (i.e. chondroitin sulfate, ker-
atan sulfate) and an essential element for joint health. Sulfur is important in the
biochemistry of the cartilage in that it has the potential to bind several molecules
of water, which allows the joint to remain appropriately hydrated. It is recom-
mended that patients have adequate amounts of dietary sulfur. Patients should be
encouraged to eat the following high-sulfur foods daily: broccoli, cabbage, eggs,
garlic, milk, kale, mustard greens, onions, shallots, soy milk, and watercress.
Sulfur may also be obtained from supplements including glucosamine sulfate,
chondroitin sulfate, alpha-lipoic acid, and methylsulfonylmethane (MSM).

GLUCOSAMINE

N-Acetyl-D-glucosamine is a naturally occurring amino sugar found in all human
tissues. It functions as a building block in the synthesis of structural substrates
such as glycoproteins, glycolipids, GAGs, hyaluronate, and proteoglycans and is
required to manufacture joint lubricants and protective agents such as mucin and
mucous secretions.25

Although glucosamine is not generally found in the human diet, it is easily
obtained from the exoskeletons of shrimp, crabs, and lobsters for use in medical
applications. As a supplement glucosamine is available alone or in combination
as glucosamine sulfate, glucosamine hydrochloride, and N-acetyl glucosamine.
Thus far, the majority clinical research demonstrating efficacy in OA has been
conducted with the sulfate form and is thus the recommended form at this time.

When administered orally, the absorption rate for glucosamine sulfate in the
human gastrointestinal tract is approximately 87%.26 In recent years, topical
cream containing glucosamine and chondroitin sulfate has shown efficacy in
relieving pain in OA of the knee.27

In 2004, a hallmark publication was the first to demonstrate that a pharmaco-
logical intervention for OA, glucosamine sulfate, had the ability to modify the
course of the disease.28 Prior to this study, OA was understood to be a progres-
sively worsening condition and the therapies only palliative. The vast majority
of published clinical research demonstrates that glucosamine is effective for
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decreasing pain, improving range of motion, and reducing joint space narrowing
in patients with OA. The mechanism of action is purported to be the increased
availability of substrate for proteoglycan synthesis.25,28

While studies of glucosamine and OA are largely positive, there are a few
negative studies that raise several interesting questions about whether or not glu-
cosamine may be more effective OA subtypes. In a 2004 study, Christgau et al.29

explored using specific markers of collagen turnover to help classify patients at
baseline. Using these markers, they were able to demonstrate that those patients
who initially had high cartilage turnover were particularly responsive to glu-
cosamine therapy. Glucosamine seems to be effective for treating OA of all joints,
but the knee has been the most widely studied.

The one constant found in all studies reported in the medical literature is
that glucosamine appears to be remarkably safe and well tolerated at 1500
to –2000 mg/d given orally in divided doses. Side effects are significantly less
common with glucosamine than either NSAIDs or placebo.30 Recent studies have
addressed concerns that glucosamine, a sugar, can have adverse effects on levels
of plasma glucose and insulin but further research has found these concerns to be
unfounded.31–33

Glucosamine is often derived from shellfish and several authors have
expressed concern that the supplement may cause allergic reactions in people
who are sensitive to shellfish. Glucosamine is derived from the exoskeletons of
shellfish but antibodies in individuals allergic to shellfish are targeted at antigens
in the meat, not the shell. Thus far, there have been no documented reports of
allergic reactions to glucosamine among shellfish-sensitive patients, but it is pru-
dent to recommend the synthetically derived form of the supplement be used in
this population.34 Most studies have concluded that patients taking glucosamine
do not seem to notice much effect for at least 6 weeks.

CHONDROITIN SULFATE

Chondroitin sulfate, a mucopolysaccharide, is a proteoglycan component that
functions in the maintenance of cartilage elasticity, strength, and mass. In
humans, chondroitin sulfate is manufactured from glucosamine sulfate deriva-
tives. Chondroitin sulfate, like glucosamine, is not present in significant amounts
in the human diet. It is extracted from either bovine or marine sources for use in
medical applications.

The medical literature contains numerous positive studies pertaining to the
use of chondroitin as a therapy for OA. It has been shown to alleviate pain,
decrease NSAID use, improve joint mobility, and stabilize the loss of interarticu-
lar space with varying degrees of efficacy in patients with OA.35–37 Results of chon-
droitin supplementation typically take 8 to 12 weeks to become apparent, but in
most studies the effect persisted for several months, even after discontinuing the
medication. The typical study doses ranged from 800 to 1200 mg/d given orally.
Some research suggests that the combined use of glucosamine and chondroitin
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sulfate demonstrates synergistic activity on the maintenance of cartilage and
inhibition of its degradation based on demonstrated abilities to aid in the protec-
tion of cartilage in different ways.38

An important controversy in the medical literature as it pertains to the efficacy
of chondroitin is whether or not clinically significant amounts are available to the
body via oral dosing given the large size of the molecule. During the past few
years, several studies have demonstrated the oral absorption of chondroitin
sulfate but absorption estimates across the gut mucosa range from 10 to 70%.39,40

Other than mild gastrointestinal distress, the incidence of adverse effects with
chondroitin sulfate is extremely low. Chondroitin is typically extracted from
bovine trachea and concern has been expressed about the potential risk of conta-
mination by animals infected with bovine spongiform encephalopathy (BSE, mad
cow disease). There are currently no documented cases of such contamination
and risk of transmission is thought to be low.

S-ADENOSYL METHIONINE (SAME)

SAMe is present in all organisms and is synthesized endogenously from methio-
nine and adenosine triphosphate. It is a methyl donor to numerous acceptor
molecules and plays an essential role in many biochemical reactions involving
enzymatic transmethylation. SAMe has been shown to inhibit the synthesis and
the activity of IL-1 and TNF-
 at multiple locations in its signal transduction
pathways and has demonstrated the ability to upregulate the proteoglycan syn-
thesis and proliferation rate of chondrocytes by 50 to 60%, thereby promoting
cartilage formation and repair.38,41

SAMe is an alternative to NSAIDs for treatment of joint inflammation and
pain caused by trauma and disease states such as OA. It is a proven therapy for
OA and has a low side-effect profile. The Arthritis Foundation concludes there is
sufficient information to support the pain relief claims made for SAMe.8 The con-
sensus among several published reviews is that SAMe appears to be of equivalent
effectiveness to NSAIDs in reducing pain and improving functional limitations,
with fewer side effects. One study suggested SAMe has a slower onset of action
than NSAIDs with equivalent results at 4 weeks.42

Dosage ranges from 200 to 1600 mg have been used for joint support. B12
and folate aid the body in using SAMe, and it may be useful to supplement with
these nutrients as well.38 Supplementation with 400 mg for 7 days significantly
increased SAMe concentrations in synovial fluid by three- to fourfold compared
with pretreatment values.43

HYALURONIC ACID

Hyaluronic acid is the main component of the extracellular matrix within the
joint. It is a hydrophilic polysaccharide varying in length from 250 to 25,000 dis-
accharide units. The large size of this molecule and the water it holds give the
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matrix solution remarkable viscosity, tensile strength, and shock-absorption
properties.

Intra-articular hyaluronans (viscosupplementation) are used to treat pain and
mechanical dysfunction associated with OA of the knee because the oral form is
not well absorbed. Many controlled clinical studies have demonstrated their effi-
cacy and a low side-effect profile for this indication and application.44–47 Intra-
articular injections of the knee are indicated if the patient has very little cartilage
surface and wishes to avoid surgery. Intra-articular injections are carried out once
per week for 3 to 5 weeks (depending on the viscosupplementation liquid used).
An improvement in pain levels and in function appears to have clinical benefit for
6 to 9 months. The treatment may be repeated but there do not appear to be cumu-
lative effects. Side effects are minimal. It is important to note the oral cartilage
support supplements do not appear to have much effect in joints with little
surface or meniscus cartilage remaining.

OMEGA-3 FATTY ACIDS

Osteoarthritic cartilage expresses markers of inflammation that contribute to the
dysregulation of chondrocyte function and the progressive degradation of the carti-
lage matrix. In vitro, when human OA cartilage explants are exposed to omega-3
polyunsaturated fatty acids, the molecular modulators of inflammation are inhib-
ited. Curtis et al.24 cultured human OA articular cartilage with various fatty acids
and concluded the omega-3 fatty acids, but not other fats, have the capacity to
improve late-stage OA chondrocyte function. They found culture for 24 h with
omega-3 fatty acids resulted in a decrease loss of GAGs, reduced collagenase
cleavage of type II collagen, a dose-dependent reduction in aggrecanases, and all
studied modulators of inflammation (COX-2, 5-LOX, FLAP, IL-1
) and joint
destruction (ADAMTS-4, MMP-3, MMP-13) were abrogated or reduced.

The concentration and distribution of fatty acids in the diet has long been known
to exert influence over the inflammatory cascade (see Chapter 9). While no large-
scale clinical studies have yet been done on the influence of omega-3 fatty acids on
the symptoms or progression of OA, several clinical studies have demonstrated
dietary supplementation with omega-3 fatty acids reduces the inflammatory symp-
toms of rheumatoid arthritis. When treating patients with omega-3 fatty acids it is
reasonable to use fish oil products consisting of EPA and DHA (and primarily of
EPA). It is reasonable to choose products that have been tested for purity and that
are extremely low in contaminants (PCPs, heavy metals). It is reasonable to use
approximately 2 to 4 g of fish oil per day. Side effects are minimal but caution
should be used if a patient is on a medication such as Coumadin because of the
platelet effects of fish oil. A patented extraction of New Zealand green-lipped
mussel powder derived from Perna canaliculus, Lypronol, has been shown to pro-
vide significant pain relief and improvement in joint function in 80% of subjects
after 8 weeks of treatment without adverse effect. The therapeutic value of Lypronol
has been attributed, in part, to its high concentration of omega-3 fatty acids.50
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VITAMIN C (ASCORBIC ACID)

Ascorbic acid plays a role in the synthesis of joint components and encourages
cartilage synthesis in vitro; epidemiologic data suggest dietary intake of ascorbic
acid is associated with a reduction of OA progression.

Vitamin C is necessary for the synthesis of collagen and GAGs within the
joint capsule. In collagen synthesis, ascorbic acid is a cofactor for enzymes essen-
tial for stabilization of the mature collagen fibril.51,52 The role of vitamin C as a
carrier of sulfate groups also makes it a requirement for GAG synthesis.13

In vitro, addition of ascorbic acid to OA cultures results in a decreased level
of the proteinases responsible for the degradation of proteoglycan. Vitamin C has
been shown to significantly increase the biosynthesis of proteoglycan in both
normal and osteoarthritic tissues, suggesting it may be helpful in joint repair.13

In the Framingham Osteoarthritis Cohort Study, a moderate intake of vitamin
C (120 to 200 mg/d) was associated with a threefold lower risk of OA progres-
sion. The association was strong and highly significant and was consistent
between sexes and among individuals with different severities of OA. The higher
vitamin C intake also reduced the likelihood of development of knee pain.53

AVOCADO/SOYBEAN UNSAPONIFIABLE RESIDUES (ASU)

ASU is a manufactured product, distributed in France as Piascledine, consisting of
one third avocado oil and two thirds soybean unsaponifiables.54 The unsaponifiable
portion of avocado and soybean lipids make up less than 1% of the total lipid
content and, thus, sufficient quantities of the ASU are not available from dietary
consumption of soy and avocado. Clinical trials suggest that ASU is an effective
symptomatic treatment of OA with doses as low as 300 mg ASU per day. Outcome
measures have included a reduction in NSAIDs and analgesic intake, a reduction
in pain, and an increase in function.55 Based on both in vitro and in vivo research,
the apparent mechanism of effect of ASU is via the attenuation of inflammatory
mediators and the stimulation of anabolic processes within the cartilage.16,56,57 No
serious side effects were reported in any of the published studies.

NIACINAMIDE (VITAMIN B3)

Niacin, or vitamin B3, occurs in two forms, nicotinic acid (usually referred to as
niacin) and nicotinamide (typically referred to as niacinamide). While both forms
have many functions in the body and are crucial to cellular energy production as
precursors of NAD and NADP, their therapeutic uses differ considerably.

Niacinamide has been in use as a therapy for OA since the 1940s based on
preliminary work by Kaufman.58–60 In-office clinical research, reported by
Kaufman on 455 patients receiving 1500 to 4000 mg/d niacinamide compared
against untreated age-matched controls suggested an increase in joint range index
and subsequent reduction in pain in 4 to 8 weeks. Recently, investigators have
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examined efficacy and potential mechanism of action of niacinamide in OA more
closely. Jonas et al.61 demonstrated in a 12-week randomized double-blind
placebo-controlled trial (N � 72) that patients who took niacinamide (3000 mg
daily) experienced an improvement in the global impact of their OA, increased
joint flexibility, reduced inflammation, and decrease use of anti-inflammatory
medication, compared to controls.

While the mechanism of action of niacinamide in OA has yet to be fully
elucidated, current theories suggest that niacinamide acts on chondrocytes to
decrease cytokine-mediated inhibition of aggrecan and type II collagen synthesis.
In addition, reduction in either production or effect of IL-1 on chondrocytes has
been suggested as a plausible mechanism.41

Adverse affects have not been widely reported with pharmaceutical-grade
niacinamide;62 however, nausea, heartburn, flatulence, and diarrhea have been
reported. Elevated liver enzymes have been reported with the administration of
niacinamide63 and for this reason it is advisable to insure niacinamide supplement
quality and evaluate baseline liver function tests prior to, and periodically after,
niacinamide administration. While large-scale safety, efficacy, and dosing studies
are clearly lacking for the general recommendation of niacinamide treatment for
OA, preliminary research suggests the nutrient has therapeutic value and warrants
further investigation.

ADDITIONAL NUTRIENTS

Other vitamins and minerals, such as vitamin E, manganese, boron, and vitamin D,
likely play an essential role in synthesis and function of the joint. At this time,
their role in preventing or treating OA has not been adequately investigated and
will, therefore, not be addressed in this chapter. MSM has been commonly used
for joint support but the studies do not support its efficacy.

DURATION AND SELECTION OF JOINT
SUPPORT SUPPLEMENTATION

The duration of supplementation depends on the pathology that the clinician is
treating. For acutely injured joints with articular or meniscus cartilage, supple-
mentation immediately upon diagnosis and continued treatment for approxi-
mately 12 weeks is recommended. An x-ray of the joint 6 months after the
original injury can evaluate if OA changes have occurred.

A reasonable clinical approach is to start a patient on glucosamine sulfate at
the 1500 to 2000 mg/d dose for a minimum of 8 weeks. The clinician can con-
sider adding chondroitin sulfate at the 1200 mg dose to see if there is an added
benefit in symptoms and function after 8 to 12 weeks. SAMe can be considered
if there is no benefit with the above or as an additional nutrition. Patients can also
be educated on how hydration (Chapter 8), healthy dietary fat (Chapter 4), and
optimal vitamin C (Chapter 25) enhance cartilage repair.
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There is a rational for the use of joint support nutrients after traumatic injury
that involves meniscus or articular cartilage. This may involve moderate to
severe sprains or contusions to a joint. This would include motor vehicle injuries
to the facets of the neck, thoracic and lumbar spine, contusions to the patella,
ankle, knee meniscus, and other extremity sprains. There are presently no long-
term studies documenting the prevention of OA with joint support nutrients after
traumatic injury but the rational of nutritionally supporting the healing and bio-
chemical substrates of cartilage healing are very sound. Glucosamine sulfate
may be started at the time of the diagnosis and continued for a minimum of 8
weeks and preferably for 12 weeks. There is a definite preventative indication
here with low chance of side effects. In addition to traumatic injuries there
appears to be good clinical response to the use of glucosamine sulfate in prob-
lems involving the articular cartilage of the patella in both patellofemoral track-
ing syndrome and chondromalacia. The clinician can recommend starting joint
support nutrients 6 to 8 weeks before an individual begins a season of high use
of the knee in sports.

SUMMARY

A nutritional approach to OA is theoretically justified and has been overwhelm-
ingly validated in laboratory and clinical trails. Whereas conventional therapeu-
tics may offer the most effective short-term pain relief in OA, long-term pain
relief and regeneration of the joint is better accomplished with nutritional thera-
pies with surprisingly few side effects.
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OVERVIEW

Chronic fatigue syndrome (CFS) and fibromyalgia syndrome (FMS) are two
common names for an overlapping spectrum of disabling syndromes. It is
estimated that FMS alone affects 3 to 6 million Americans, causing more dis-
ability than rheumatoid arthritis.1 Myofacial pain syndrome (MPS) affects many
millions more. Although we still have much to learn, effective treatment is now
available for the large majority of patients with these illnesses.2,3

CFS/FMS/MPS represents a syndrome, a spectrum of processes with a
common end point. Because the syndromes affect major control systems in the
body, there are myriad symptoms that initially do not seem to be related. Recent
research has implicated mitochondrial and hypothalamic and dysfunction as
common denominators in these syndromes.4–7 Dysfunction of hormonal, sleep,
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and autonomic control centers in the hypothalamus and energy production
centers can explain the large number of symptoms and why most patients have a
similar set of complaints.

To make it easier to explain to patients, we use the model of a circuit breaker
in a house:

If the energy demands on their body are more than it can meet, their body
“blows a fuse.” The ensuing fatigue forces the person to use less
energy, protecting them from harm. On the other hand, although a cir-
cuit breaker may protect the circuitry in the home, it does little good
if you do not know how to turn it back on or that it even exists.

This analogy actually reflects what occurs. Research in genetic mitochon-
drial diseases shows not simply myopathic changes, but also marked hypothal-
amic disruption. Since the hypothalamus controls sleep, hormonal systems,
autonomic systems, and temperature regulation, it has higher energy needs
for its size than other areas. Because of this, as energy stores are depleted,
hypothalamic dysfunction occurs early on, resulting in the disordered sleep,
autonomic dysfunction, low body temperatures, and hormonal dysfunctions
commonly seen in these syndromes. In addition, inadequacy of energy stores in
a muscle results in muscle shortening and pain, which is further accentuated
by the loss of deep sleep. Reductions in stages 3 to 4 of deep sleep results in
secondary drops in growth hormone and tissue repair. As discussed below, dis-
rupted sleep causes pain. Therefore, restoring adequate energy production by
treating opportunistic infections and giving nutritional, hormonal, and sleep
support restores function in the hypothalamic “circuit breaker,” which in turn
allows muscle relaxation and pain relief. Our placebo controlled study showed
that when this is done, 91% of patients improve, with an average 90% improve-
ment in quality of life, and the majority of patients no longer qualified as hav-
ing FMS in 3 months.3

DIAGNOSIS

The criteria for diagnosing CFS are readily available elsewhere. What is impor-
tant is that these criteria were meant to be used for research and therefore have
stringent exclusion criteria to create a research cohort. These exclusionary crite-
ria eliminate approximately 80 to 90% of patients who clinically have CFS, and
therefore I do not recommend them for clinical use. For example, anyone who
was significantly depressed in the past, even 30 years earlier, can technically
never develop CFS.

The American College of Rheumatology (ACR) criteria for fibromyalgia
are more useful clinically. According to the ACR, a person can be classified as
having fibromyalgia if he or she has:
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1. A history of widespread pain. The patient must be experiencing pain
or achiness, steady or intermittent, for at least 3 months. At times, the
pain must have been present
• on both the right and the left sides of the body
• both above and below the waist
• in the midbody, including the neck, midchest, midback, or back of

head.
2. Pain on pressing at least 11 of the 18 spots on the body that are known

as tender points.

The presence of another clinical disorder, such as arthritis, does not rule out
a diagnosis of fibromyalgia.8

Although the tender point exam takes a good bit of time to master, it clinically
adds little and will likely be eliminated in the future. Relative to the time they
take to learn, the 11/18 tender points offer little predictive value to whether the
person will respond to the treatment approach described in this chapter. There is
a simpler approach that is very effective clinically. If the patient has the paradox
of severe fatigue combined with insomnia, they do not have severe primary
depression, and these symptoms do not go away with vacation, they are likely to
have a CFS-related process. If they also have widespread pain, fibromyalgia is
probably present as well. Both respond well to proper treatment as discussed
below. Alternatively, clinicians may wish to ask the patient if he or she has the
following symptoms:

• Severe fatigue lasting over 4 months.
• Feeling worse the day after exercise. Patients may even describe this

as feeling “hit by a truck.”
• Diffuse, often migratory, achiness.
• Disordered sleep. Is the patient able to get 7 to 8 h of uninterrupted

sleep at night?
• Difficulty with word finding and substitution, poor short-term memory,

and poor concentration, often described as brain fog.
• Bowel dysfunction. Many people diagnosed with irritable bowel

syndrome (IBS) or spastic colon have CFS/FMS, and their IBS resolves
along with the FMS.

• Recurrent infections such as nasal congestion and sinusitis.
• Chemical/medication sensitivities.

In addition to strengthening the diagnosis of FMS, the above questions show the
patient that their health care provider understands their illness.

Fibromyalgia may be secondary to other causes. Secondary causes may be
suggested by laboratory findings such as an elevated erythrocyte sedimentation
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rate, alkaline phosphatase, creatine kinase, or thyroid stimulating hormone (TSH).
Depression is less likely to be a secondary cause of fibromyalgia and CFS symp-
toms in patients who express frustration over not having the energy to do things
as opposed to lack of interests. Since MPS is in some ways a localized form of
FMS, evaluation for structural problems should also be considered.

Current research and clinical experience show that these patients have a mix
of disordered sleep, hormonal insufficiencies, low body temperature, and auto-
nomic dysfunction with low blood pressure and neurally mediated hypotension
(NMH). The hypothalamus is the major control center for all four of these
functions.

Anything that results in inadequate energy production or energy needs greater
than the body’s production ability can trigger hypothalamic dysfunction. This
includes infections, disrupted sleep, pregnancy, hormonal deficiencies, and other
physical or situational stresses. Although still controversial, a large body of
research also strongly suggests mitochondrial dysfunction as a unifying theory in
CFS/FMS.7 Some viral infections have been shown to suppress both mitochon-
drial and hypothalamic function. As noted above, in genetic mitochondrial dis-
eases, severe hypothalamic dysfunction is seen. This is possibly because the
hypothalamus has high energy needs. The mitochondrial dysfunction, combined
with secondary hypothalamic suppression, can cause the poor function seen in
many tissues with high energy needs. This includes dysfunction of the immune
system aggravated by glutathione deficiency, dysfunction of the liver with med-
ication or chemical sensitivities secondary to decreased ability to detoxify, irrita-
ble bowel syndrome from opportunistic infections and autonomic dysfunction,
muscle pain and dysfunction of central nervous system neurotransmitter produc-
tion and alterations in blood flow.

Editor’s Note

Chronic fatigue syndrome is generally a diagnosis of exclusion. However, uncer-
tain disease etiology does not preclude evidence-based treatment. Evidence sup-
ports symptom management that incorporates strategic nutritional interventions.

TREATMENT

Two studies2,3 show an average 90% improvement rate when using the “SHIN”
protocol. “SHIN” stands for Sleep, Hormonal support, Infections, and Nutritional
support. When a patient has fatigue and insomnia coupled with widespread pain,
see them as having a body-wide energy crisis. Treating with the SHIN approach
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will help them. A recent editorial in the Journal of the American Academy of Pain
Management notes:

… this study by Dr. Teitelbaum et al. confirms what years of clinical
success have shown — that the treatment approach described in
Chapter 4 of The Trigger Point Manual is effective, that subclinical
abnormalities are important and that the comprehensive and aggres-
sive metabolic approach to treatment in Teitelbaum’s study is highly
successful and makes fibromyalgia a very treatable disorder. The
study by Dr. Teitelbaum et al. and years of clinical experience makes
this approach an excellent and powerfully effective part of the stan-
dard of practice for treatment of people who suffer from FMS and
MPS — both of which are common and devastating syndromes.9

As discussed above, the acronym SHIN outlines FMS treatment.

DISORDERED SLEEP (S)

The basis of CFS/FMS is the sleep disorder.10 Many patients wake up at night and
only sleep solidly for 3 to 5 h. They lose restorative stage 3 to 4 sleep. Using med-
ications that increase deep restorative sleep, so that the patient gets 7 to 9 h of
solid sleep without waking or hangover, is critical. Start treatment with natural
therapies or with a low dose of sleep medications that do not decrease stage 3 to
4 sleep. The sedation that some patients experience the next day often resolves in
2 to 3 weeks. If it does not, have the patient take the medication earlier in the
evening so that it wears off earlier the next day, or switch to shorter-acting agents
such as Ambien, Sonata, or Xanax. Continue to adjust the medications each night
until the patient is sleeping 8 h a night without a hangover.

Most addictive sleep remedies, except for clonazepam (Klonopin) and alpra-
zolam (Xanax), actually decrease the time that is spent in deep sleep and can
worsen fibromyalgia. Therefore, they are not recommended. There are over 20
natural and prescription sleep aids that can be tried safely and effectively in
fibromyalgia and CFS.

Medications with which to begin include the following:

• Zolpidem (Ambien), 5 or 10 mg. Use 5 to 20 mg qhs. This medication
is a newer agent with fewer side effects than the other medications. It
is very helpful for most patients and is my first choice among the sleep
medications. Although only to be used for 1 week in routine insomnia,
experience shows that extended use is appropriate and safe in CFS/FMS.
Patients can take an extra 5 to 10 mg in the middle of the night if they
wake.
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• Neurontin, 100 to 900 mg hs can help sleep, pain, and restless leg
syndrome (RLS) as well.

• Cyclobenzaprine (Flexeril), 10 mg; Klonopin, 5 mg; or carisprodol
(Soma), 350 mg. Use 1/2 to 2 tablets qhs. These medications are often
very sedating. Use one of these first if myalgias are a major problem.

• Trazodone (Desyrel), 50 mg. Use 1/2 to 6 tablets qhs. Use this med-
ication first if anxiety is a major problem. Warn patients to call imme-
diately if priapism occurs.

• Amitriptyline (Elavil) or Doxepin, 10 mg. Use a 1/2 to 5 tablets qhs.
These drugs cause weight gain and can worsen NMH and RLS.

• Herbal preparations containing a mix of valerian root, wild lettuce,
Jamaican dogwood, passionflower, hops, and theanine. These six
herbs can help muscle pain and libido as well as improve sleep.11–15

• Doxylamine (Unisom for Sleep), 25 mg qhs.

For patients with disabling muscle aches or anxiety, respectively, I recom-
mend Klonopin or Xanax. Begin with 0.25 mg qhs and slowly adjust the dose
upward as needed as the next-day sedation diminishes.

Some patients will sleep well with 5 mg of Ambien and others will require all
of the above combined. Because the malfunctioning hypothalamus controls sleep
and the muscle pain also interferes with sleep, it is often necessary and appropri-
ate to use multiple sleep aids. Zanaflex, Gabatril, and many other nonbenzodi-
azepines can also help sleep. Because of next-day sedation and each medication
having its own independent half-life, CFS/FMS patients do better with combin-
ing low doses of several medications than with a high dose of one medication.

Although less common, three other sleep disturbances must be considered
and, if present, treated. The first is sleep apnea. This should especially be sus-
pected if the patient snores and is overweight or hypertensive. If two of these
three conditions are present and the patient does not improve with our treatment,
I would consider a sleep apnea study to include assessment for upper airway
resistance syndrome. Preapproval from the patient’s insurance company is recom-
mended since the test usually costs $1500 to $2000. Some patients prefer to do
their own inexpensive screening by videotaping themselves one night during
sleep. Sleep apnea is treated with weight loss and nasal C-pap.

A sleep study will also detect RLS, which is also fairly common in fibromyalgia.16

The patient with RLS may notice that the bedsheets are scattered when he or she
awakes and may also report kicking a spouse during sleep. RLS is treated with
Ambien, Klonopin, and/or Neurontin, supplemental magnesium, and by keeping
ferritin levels over 50.

HORMONAL DYSFUNCTION (H)

Hormonal imbalance is associated with FMS. Sources of imbalance include
hypothalamic dysfunction and autoimmune processes such as Hashimoto’s
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thyroiditis. When the hypothalamus is not able to efficiently regulate hormone
balance, medical management can do so until hypothalamic function is restored.
When focusing on achieving hormonal balance, the standard laboratory testing
aimed at identifying a single hormone deficiency is less effective. For example,
increased hormone binding to carrier proteins is often present in CFS/FMS.
Because of this, total hormone levels are often normal while the active hormone
levels are low. This creates a functional deficiency in the patient. Also, most blood
tests use two standard deviations to define blood test norms. By definition, only
the lowest or highest 2 to 3% of the population is in the treatment range. This does
not work well if over 2.5% of the population has a problem. For example, it is
estimated that as many as 20% of women over 60 are hypothyroid. Other tests use
late signs of deficiency such as anemia for iron or B12 levels to define an abnormal
laboratory value.

The goal in FMS management is to restore optimal function while keeping
lab results in the normal range for safety. One way to convey the difference
between the normal range based on two standard deviations and the optimal
range, which the patient would maintain if they did not have FMS, is as
follows:

Pretend your lab test uses two standard deviations to diagnose a “shoe
problem.” If you accidentally put on someone else’s shoes and had on
a size 12 when you wore a size 5, the normal range derived from
the standard deviation would indicate you had absolutely no problem.
You would insist the shoes did not fit although your shoe size would
be in the normal range. Similarly, if you lost your shoes, the doctor
would pick any shoes out of the “normal range pile” and expect them
to fit you.

Thyroid Function

Suboptimal thyroid function is very common and very important. Because
thyroid-binding globulin function and conversion of T4 to T3 may be altered in
CFS/FMS, it is important to check a free T4. Thyroid hormone replacement is
important in all CFS patients whose T4 blood levels fall below the 50th percentile
of normal. Many CFS/FMS patients also have difficulty in converting T4, which
is fairly inactive, to T3, the active hormone. Additionally, T3 receptor resistance
may be present, requiring higher levels.17,18

Synthroid has only inactive T4, while Armour Thyroid has both inactive
T4 and active T3. Many clinicians will give an empiric trial of Synthroid, 25 to
250 �m, or Armour Thyroid, 1/2 to 3 grains every morning, adjusted to the dose
that feels best to the patient as long as the free T4 is not above the upper limit of
normal. An empiric trial of thyroid-hormone therapy is given in patients who feel
poorly if one or more of the following is true:
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• The patient has fibromyalgia.
• The patient’s oral temperatures are generally less than 98.0°F.
• The patient has symptoms and signs suggestive of hypothyroidism.
• The patient’s TSH test result is less than 0.95 or greater than 3.0.
• The patient’s T3 or T4 is below the 50th percentile of normal.

Physicians generally interpret a low-normal TSH — that is, 0.5 to 0.95 — as
a confirmation of euthyroidism. The rules, however, are different with CFS/FMS.
In this setting, hypothalamic hypothyroidism is common and the patient’s TSH
can be low, normal, or high.19 Also, if subclinical hypothyroidism is missed, the
patient’s fibromyalgia/MPS simply will not resolve. The inadequacy of thyroid
testing is further suggested by studies that show that most patients with suspected
thyroid problems have normal blood studies.20,21 When patients with symptoms
of hypothyroidism and normal labs were treated with thyroid (in this study
Synthroid at an average dose of 120 �g every day) a large majority improved
significantly.20

Clinical management may include the following. If the patient does not
respond to Synthroid, switch to Armour Thyroid, and vice versa. For every 50 �g
of Synthroid, have the patient take 1/2 grain (30 mg) of Armour Thyroid. If the
free or total T3 result is low or low normal, begin with Armour Thyroid, which
has both T3 and T4, instead of Synthroid, which has only T4. I usually recommend
beginning with Armour Thyroid.

Adjust the thyroid dose clinically to the dose that feels the best to the patient,
as long as the free T4 test does not show hyperthyroidism. Do not use TSH to
monitor thyroid replacement. Because of the hypothalamic suppression, it may be
low despite inadequate hormonal dosing. Make sure that the patient does not take
any iron supplements within 6 h or calcium within 2 h of the morning thyroid
dose or the thyroid hormone will not be absorbed. Have the patient take the iron
between 2:00 and 6:00 P.M. — on an empty stomach and away from any hormone
treatments. Since thyroid supplementation can increase a patient’s cortisol metab-
olism and unmask a case of subclinical adrenal insufficiency, if the patient feels
worse on low-dose thyroid replacement, adrenal support may be needed as well.

Adrenal Insufficiency

The hypothalamic–pituitary–adrenal (HPA) axis does not function well in
CFS/FMS.4,22,23 Because early researchers were not aware of physiologic doses of
cortisol, they treated with high doses and their patients developed severe compli-
cations. Because of this, many hypoadrenal patients are now treated only when
they are ready to go into Addisonian crisis. Research and clinical experience
shows that this approach misses many hypoadrenal patients.2,3,24,25

Significant toxicity not seen with physiologic dosing of hydrocortisone
(Cortef) up to 20 mg/d,24 which is approximately equivalent in potency to 4 to
5 mg of prednisone.
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Symptoms of an underactive adrenal include weakness, hypotension, dizziness,
sugar craving, and recurrent infections — all of which are common in CFS/FMS.
I often evaluate CFS/FMS patients’ adrenal function with a Cortrosyn stimulation
test. The test must be done between 7:00 and 9:00 A.M. The patient should be
fasting and take no caffeine for 24 h before the test. Check a baseline cortisol
level and then give ACTH (Cortrosyn) 25 units or 1 unit IM (current data suggests
the 1 unit Cortrosyn test is more reliable) and recheck cortisol levels at 30 min
and at 1 h. Although a baseline of 6 �g/dl is often considered normal, most
healthy people run approximately 16 to 24 �g/dl at 8:00 A.M.

My treatment guidelines are that if the baseline cortisol is less than 16 �g/dl
or the cortisol level does not increase by at least 7 �g/dl at 30 min and 11 �g/dl
at 1 h, or does not double by 1 h and is less than 35 �g/dl, I treat with a thera-
peutic trial of 5 to 15 mg Cortef in the morning, 2.5 to 10 mg at lunchtime, and
0 to 2.5 mg at 4:00 P.M. (maximum of 20 mg/d). Most patients find 5 to 7.5 mg
each morning plus 2.5 to 5 mg at noon to be optimal (the equivalent of 1.5 to
3 mg prednisone qd). Cortef is more effective than prednisone in CFS/FMS.

After keeping the patient on the initial dose for 2 to 4 weeks, adjust the dose up
to a maximum of 20 mg daily or, if no benefit has been evident, taper it off. Adjust
the Cortef to the lowest dose that feels the best. Give most of the Cortef in the morn-
ing and at lunchtime. I often tell my patients to take the last dose, 2.5 to 5 mg, no
later than 4:00 P.M. Otherwise, the Cortef may keep the patient up at night.

After 9 to 18 months, taper the Cortef off over a period of 1 to 4 months.
If the other physiologic stresses, such as infections, have been eliminated, the
patient’s adrenal function may be adequate or normalized. If symptoms recur off
the Cortef, continue treatment with the lowest optimal dose.

Improvement is often dramatic and is usually seen within 2 to 4 weeks. The
Cortef should be doubled during periods of acute stress and raised even higher
during periods of severe stress such as surgery. Consider also giving the patient
1000 mg of calcium and 400 IU of vitamin D daily with the Cortef if the patient
is at high risk for osteoporosis.

There are different approaches to treatment and more is not better. High-dose
cortisol taken at night will worsen the already disrupted sleep patterns. In a study
by McKenzie, patients were administered a very high dose of about 25 to 35 mg
daily, which disrupted their sleep (p � .02).26 Although they did not treat the dis-
rupted sleep, most patients still felt somewhat better on treatment. A small per-
centage of the patients had significantly decreased posttreatment Cortrosyn tests
without complications. Based on this study, the authors recommend against using
Cortef in CFS/FMS.27 In contrast, our study did not show adrenal suppression
using lower Cortef dosing.3 Dr. Jefferies, with thousands of patient-years’ experi-
ence in using low-dose Cortef, recommends an empiric trial of 20 mg/d of Cortef
for all patients with severe, unexplained fatigue and has found this to be quite safe
for long-term use.24,25 Our research and clinical experience suggest that using
Cortef at 20 mg/d or less in CFS and fibromyalgia patients is safe and often very
helpful.
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Dehydroepiandrosterone

Dehydroepiandrosterone (DHEA) is a major adrenal hormone that has recently
been getting a lot of attention.28 It is stored as DHEA-sulfate (DHEA-S) and
levels of the active free DHEA fluctuate markedly throughout the day. Because
of this, I recommend checking DHEA-S levels and not DHEA levels.

Many CFS/FMS patients have suboptimal DHEA-S levels, and the benefit of
treatment is often dramatic. Most women need 5 to 25 mg/d and most men 25 to
50 mg/d. I keep the DHEA-S level at 150 to 180 �g/dl in women and 350 to 480
�g/dl in men.

Low Estrogen and Testosterone

Although we are trained to diagnose menopause by cessation of periods, hot flashes,
and zelevated FSH and LH, these are late findings. Estrogen deficiency often begins
many years before, and may coincide with the onset of fibromyalgia.29 To compound
the problem, research done by Sarrel shows that the majority of women who have a
hysterectomy, even with the ovaries left in, begin menopause within 6 months to
2 years.29 Some physicians suspect that this may also occur in woman who have
had a tubal ligation, which may also disrupt the ovarian blood supply.

In her book on estrogen and testosterone deficiency, Dr. Elizabeth Vliet gives
a well-referenced, in-depth foundation for evaluation and treatment of these prob-
lems.29 To summarize, the initial symptoms of estrogen deficiency are poor sleep,
poor libido, brain fog, achiness, PMS, and decreased neurotransmitter function.
Dr. Vliet feels that estradiol levels at midcycle should be at least 100 pg/ml. If a
woman’s CFS/FMS symptoms are worse at ovulation and the 10 days before
menses (when estrogen levels are dropping), then a trial of estrogen is warranted.
While a birth control pill can be used, side effects of bleeding and fluid retention
are common for the first 3 to 4 months. Bioidentical hormones are better toler-
ated and likely safer. Therefore, natural 17-B-estradiol as Estrace or Climara
patches may be preferable. The usual dose of Climara is one 0.05 to 0.1 mg patch
a week and the usual dose of Estrace is 1/2 to 2 mg/d, adjusted to what feels best
to the patient. I prefer to use Biest, a compounded natural estrogen that combines
estriol with estradiol, which is usually dosed at 1.25 to 2.5 mg/d.

Early data on estriol suggest that estriol does not raise the risk of breast can-
cer and may actually lower it (Jonathan Wright, M.D., personal communication).
In addition, it also has immune modulating and other properties that can be ben-
eficial in FMS. In the absence of a hysterectomy, progesterone should be added
to prevent uterine cancer. Natural progesterone is available from most pharmacies
as Prometrium 100 mg and is better tolerated than Provera. The dose is 100 mg
at bedtime (qhs), instead of Provera 2.5 mg, or 200 mg/d for 10 to 14 days a
month, instead of Provera 10 mg. If you are prescribing the Bi-Est cream, have
the compounding pharmacist make a combination of Bi-Est 2.5 mg plus proges-
terone 30 to 50 mg, plus testosterone 4 mg, all in 0.2 cm3 of cream.
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Testosterone Deficiency

Testosterone deficiency is important in both men and women. It is important to
check a free testosterone level rather than total testosterone, since free testos-
terone is a better measure of testosterone function. If the age-adjusted free testos-
terone is in the lowest quartile for age, a trial of treatment is often very helpful.
Among my CFS/FMS patients, 70% of men and many women have free testos-
terone levels in the lowest quartile while their total testosterone levels are normal.
A recently completed study found that treating low testosterone in women
decreases FMS pain. Be sure the free testosterone normal range is age-adjusted
using 10 year age groups, since a normal range that includes both 20- and
80-year-olds is not clinically meaningful.

In women, acne, intense dreams, or darkening of facial hair suggest that
testosterone replacement is too high. An elevated testosterone in women can also
increase insulin resistance. Symptoms are generally reversible. These side effects
can also be caused by low estrogen relative to the testosterone level, and may be
avoided in women by supplementing both together. As noted above, this can be
done easily by adding 3–5 mg of testosterone to the estrogen cream.

In men, acne suggests the dose is too high. Monitor levels because elevated
levels can cause elevated blood counts, liver inflammation, reversibly decreased
sperm counts with infertility, and elevated cholesterols with increased risk of
heart disease. These are the symptoms seen in athletes given many times the
recommended physiologic dose to enhance sports performance. Because of this,
in men it is prudent to monitor a CBC, cholesterol, and liver enzymes intermit-
tently. Testosterone supplementation can also cause elevated thyroid hormone
levels in those taking thyroid supplements. If the patient is on thyroid supple-
ments, I would recheck thyroid hormone levels after 6 to 12 weeks or sooner if
palpitations, anxiety, or hyperactive feelings occur. Despite the concerns about
athletes using very high levels of synthetic testosterone, it is important to remem-
ber that research shows that raising a low testosterone level in men using natural
testosterone actually results in lower cholesterol, decreased angina and depres-
sion, and improved diabetes.30

IMMUNE DYSFUNCTION AND INFECTIONS (I)

The other name for CFS is CFIDS, which stands for chronic fatigue and immune
dysfunction syndrome. CFIDS correctly suggests that immune dysfunction is part
of the syndrome. Opportunistic infections present in CFIDS/FMS include chronic
upper respiratory infections, sinusitis, bowel infections, and chronic, low-grade
prostatitis. These need to be treated.

Chronic sinusitis responds poorly to antibiotics but responds well to antifun-
gals. Conservative measures such as saline nasal rinsing and avoiding refined
carbohydrates are more appropriate than chronic antibiotics.31
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Bowel infections with alterations of normal bacterial flora, fungal overgrowth,
and parasitic infections are generally present. Because of the lack of a definitive
test for gastrointestinal yeast overgrowth, there is little research published in this
area and treatment is controversial. Treatment is empiric, and based on the
patient’s history. Yeast vaginitis, onchomycosis, sinusitis, or a history of frequent
antibiotic use such as tetracycline for acne warrants an empiric therapeutic anti-
fungal trial. Bowel symptoms of gas, bloating, diarrhea, or constipation also
warrant an empiric trial of antifungal medication. Many CFIDS/FMS patients
who have failed other therapies for spastic colon or sinusitis have responded
dramatically to antifungal treatments.

Treatment consists of nystatin, two 500,000 IU tablets po, bid, or tid, begun
slowly, for 5 months. The patient’s symptoms, especially fibromyalgia pain, may
flare initially as the yeast die off. Therefore, begin with one 500,000 unit tablet of
nystatin once a day and increase by one tablet every 1 to 3 days, as tolerated, up
to two tablets tid. After 4 weeks on the nystatin, add 200 mg of fluconazole
(Diflucan) or itraconazole (Sporanox) qd for 6 weeks. I usually use Diflucan.
Rare and mild liver enzyme elevations are sometimes seen with Diflucan and
Sporanox in this population. Supplementing with alpha lipoic acid may decrease
this side effect. If symptoms are only partially relieved or recur after the first
6 weeks on Diflucan or Sporanox, I recommend repeating the 200 mg/d dose
for another 6 weeks. If no benefit is derived from the first course, I do not
recommend repeating it. Patients should continue nystatin for a total of 5 to
8 months. I recommend patients be on nystatin while they are taking Sporanox or
Diflucan to avoid development of resistant organisms. Lactobacillus acidophilus,
a probiotic, should also be taken at 4 to 8 billion units per day to help restore
normal bowel flora.

Parasitic infections, often with nonpathogenic or normally self-limiting
organisms, are common. Stool samples should be sent to a lab specializing in
Parasitology for O & P and Clostridium difficile. One-sixth of our study patients
had a positive test for parasites. Laboratory reporting of bacteria varies.‡ If the
patient has parasites, even if nonpathogenic, treat them, as these patients should
be considered immune suppressed.

In patients with low-grade fevers or chronic lung congestion, occult infections
such as Chlamydia and Mycoplasma incognitus are being found. Empiric therapy
with doxycycline 100 mg bid for 6 months to 2 years, while on nystatin, can
be very helpful. Recent research shows that human herpes virus 6 (HHV-6),
cytomegalovirus (CMV), and Epstein–Barr virus (EBV) are also sometimes
active in CFS/FMS.
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NUTRITIONAL DEFICIENCIES (N)

CFS/FMS patients are often nutritionally deficient. This occurs because of
(1) malabsorbtion from bowel infections, (2) increased needs due to the illness,
and (3) inadequate diet. B-vitamins, magnesium, ribose, iron, coenzyme Q10,
malic acid, and carnitine are essential for mitochondrial function.7,32 These nutri-
ents are also critical for many other processes. Our recently completed study
showed that ~2/3 of the fibromyalgia patients improved significantly after
1 month of ribose.Although blood testing is not reliable or necessary for most
nutrients, I do recommend that you check B12, Fe, total iron-binding capacity
(TIBC), and ferritin levels.

I begin patients with CFS/FMS on the following nutritional regiment:

1. A quality multivitamin suited for their needs. It should contain at least
a 50 mg B Complex, 150 mg of magnesium glycinate, 900 mg of
malic acid, 600 mg of vitamin D, 500 mg of vitamin C, 200 mg zinc,
200 �g selenium, 200 �g chromium, and amino acids. A powdered
vitamin is generally better tolerated, better absorbed, and less expen-
sive as a single drink can replace over 35 tablets or capsules and
50 nutrients each day. This should be taken long term.

2. If the iron percent saturation is under 22 or the ferritin is under
40 mg/ml, supplement with iron. I recommend Chromagen FA, 1 qd
for 4 months. It should be taken on an empty stomach, since food
decreases absorption by over 60%. It should not be taken within 6 h
of thyroid hormone, since it blocks thyroid absorption. Caution
should be taken in supplementing with iron since continuing supple-
mentation beyond the requirement can result in increased body iron
stores. Even one dose of iron can be harmful in persons with primary
hemochromatosis. Continue treatment until the ferritin level is over
50 and the iron percent saturation is over 22.

3. Chromium at 200 �g daily, which should be contained in the
multiple vitamin, is important for maintaining lean muscle mass.
Refer to the chapter on this trace mineral. It is mentioned specifically
here since chronium helps prevent the drops in blood sugar which
often accompany suboptimal adrenal function.

4. If the B12 level is under 540 pg/ml, I recommend B12 injections, 3000
�m IM three times a week for 15 weeks, then as needed based on
the patients clinical response. Recent reports on CFS show absent
or near-absent CSF B12 levels despite normal serum B12 levels.33

Metabolic evidence of B12 deficiency is seen even at levels of
540 pg/ml or more.34 Severe neuropsychiatric changes are seen from B12

deficiency even at levels of 300 pg/ml (a level over 209 is technically
normal).35 As an editorial in The New England Journal of Medicine
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suggests, the old-time doctors may have been right about giving B12

shots.36 Compounding pharmacies can make B12 at 3000 �g/cm3 con-
centrations. I use hydroxycobalmin. The multivitamin should also
contain at least 500 �g of B12 for ongoing use.

5. Coenzyme Q10, 100 to 200 mg/d because it is a conditionally essen-
tial nutrient that improves energy production in patients with CFS/
FMS. It is especially critical in patients on Mevacor-family choles-
terol treatments (which can actually cause fibromyalgia pain).

6. Potassium-magnesium aspartate. This is very helpful in fatigue
states.7 The dose is 500 mg, 2 bid for 3 months. The magnesium in
this supplement is in addition to what is in the multiple vitamin.

7. Treating with acetyl-L-carnitine 500 mg twice daily for 4 months is
strongly recommended. Biopsies show CFS patients to be routinely
low. This not only causes weakness but also contributes to the aver-
age 32 lb weight gain seen in CFS and fibromyalgia.

8. Vitamin D insufficiency is associated with seasonal affective disorder
symptoms, deep muscle pain, and compromised immunity. It can
exacerbate these symptoms, which are already present in persons with
CFS/FMS. Diagnosis of insufficient vitamin D can be delayed by
CFS/FMS masking the vitamin deficiency. Supplemental vitamin D3

of 1000 IU daily is recommended. See the chapter on vitamin D.
9. The patient should avoid sugar, caffeine, and excessive alcohol. The

patient should be informed that there may be a 7 to 10 day withdrawal
period when coming off the sugar and caffeine.

GENERAL PAIN RELIEF

Although pain will often resolve within 3 months of simply treating SHIN. as
discussed above, it is also critical to eliminate pain directly. Many studies show
a marked analgesic and anti-inflammatory effect from adequate doses of two
herbals, willow bark (containing at least 240 mgd of salicin) and boswellia
(900� mgd), which have been shown to be as or more effective than NSAIDs
and COX 2 inhibitors but without the GI or other toxicity.37–54 These herbals
are excellent for arthritic, inflammatory, and other pains as well. Herbs that can
be helpful for sleep, including Jamaican dogwood, wild lettuce and hops, can
also help muscle pain. Other natural remedies that help pain include 5-HTP, 300
mg at bedtime, high-dose curcumin, and ginger. Neurontin, Ultram, and Skelaxin
are also far more effective for fibromyalgia pain than NSAIDs.

AUTONOMIC DYSFUNCTION

This is especially important to treat in patients under 18 years of age. Blood pres-
sure and dizziness, increased thirst, polyuria, cold extremities, and night sweats
are a few of the symptoms that reflect autonomic dysfunction in CFS/FMS. A
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recent study at John Hopkins Hospital showed that a majority of CFS patients had
NMH on tilt table testing.55 This means that CFS/FMS patients can severely drop
their blood pressure with standing or minimal exertion. If the patient has a low
blood pressure or dizziness or a positive tilt table test, a treatment trial is appro-
priate. I predominantly use clinical history or the “poor man’s tilt table test,”
which consists of having the patient stand while leaning against the wall for
10 min. If this aggravates symptoms, the test is positive. Treatment consists of
markedly increasing salt and water intake. In children, fludrocortisone (Florinef),
1/10 mg tablets, 1 to 2 qd, can be helpful, although it is usually not helpful in
adults. Florinef helped only 14% of adult CFS patients in a recent study, vs. 10%
of placebo patients. Fluoxetine (Prozac), sertraline (Zoloft), and dextroampheta-
mine (Dexedrine) are clinically much more effective in treating NMH in CFIDS
patients, and I rarely use Florinef in anyone over 18 years old.

PSYCHOLOGICAL WELL-BEING

Many illnesses are associated with various psychological profiles. In CFS/FMS,
a common profile is a “mega-type-A” overachiever who, because of childhood
low self-esteem, overachieves to get approval. They tend to be perfectionists and
have difficulties protecting their boundaries — that is, they say yes to requests
when they feel like saying no. Instead of responding to their bodies’ signal of
fatigue by resting, they redouble their efforts. Taking time to rest, and getting and
staying out of abusive work environments is critical. As they start to feel better,
they need to be instructed to take it slowly and not to go back to the level of over-
functioning that made them sick in the first place. They especially need to be
instructed not to make up for lost time.
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CLINICAL PRESENTATION

Gout is a clinical disorder that results from the deposition of urate crystals
(monosodium urate monohydrate) from supersaturated body solution into soft
tissue or joints. It is common – affecting more than 2 million people in the United
States (e.g. Kramer et al.).1

Typically, gout presents with an acute onset of swelling and severe pain from
inflammation of tendons and one or more joints, usually the smaller ones such as
the big toe. For most patients the first acute episode of gout resolves within a
week or several weeks, and a significant proportion of patients never have a
relapse thereafter. But in other cases further episodes do occur, and may do so
with increasing severity and frequency leading to the development of prominent
tophi in connective tissues.2

ETIOLOGY

Gout has been recognised as a disease since ancient times, and it was always seen
as something linked with nutrition. For example, a medical publication dating
from the 16th century expressed the view popular over many centuries that gout
is a disease of ‘overindulgent lifestyle.’ Its author especially commends the
avoidance of “inordinate eating and drinking” and “mixing one’s wines.”3

Gout
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In the context of this long scope of history, the understanding of the central
role of urate in gout has been relatively recent. Urate (for the purposes of this
chapter is essentially the same thing as uric acid) is produced in the body as a
product of the catabolism of purine nucleotides, and therefore is related to the rate
of cell death, and the recycling of the constituents of cellular DNA.

Urate crystals are deposited in gout either because of an excess production of
uric acid, or because of a decrease in its renal clearance. The latter may, in turn,
be due to a variety of conditions, including renal disease, hypertension, chronic
lead exposure and treatment with certain drugs such as some diuretics.4 Niacin is
a nutrient that when used as a pharmacological supplement for treatment of
hyperlipidemia can also decrease urinary uric acid excretion.5

Hyperuricemia is thus a major risk factor for gout. However, it is important to
realize that it is entirely possible to have hyperuricemia without gout, and
that conversely some patients with acute gout do not have hyperuricemia.5

Admittedly, most gout patients do, and if absent this is usually only a transient
finding during the acute attack, possibly due to the deposition of urate crystals
having removed some of the excess urate from the blood.2,5

NUTRITIONAL FACTORS

The obvious place to begin in looking at nutritional factors involved in gout
is with those which cause elevated levels of uric acid. Note that many non-
nutritional factors can cause hyperuricemia, for example, diseases such as
cancer (particularly hematological cancer), which increase cellular turnover
and thus purine breakdown. Indeed it has been estimated that purine in the diet
contributes only around 15% to total blood urate.5

URATE FORMATION

Foremost amongst the nutritional factors that increase uric acid levels in the body
is consumption of purine-rich foods — see Table 23.1. Purine content is affected
by food storage and cooking. Boiling, for example, generally reduces purine con-
tent through loss into the cooking water.6 Moreover, not all purines have equal
effects on urate levels — it depends on how much of the uricogenic bases
xanthine and hypoxanthine the purines contain.2

The traditional notion that gout sufferers should avoid excess protein is an
oversimplification, even though the purine-rich foods listed in Table 23.1 are
primarily proteins. Observational studies have not found a direct relationship
between protein intake and uric acid levels, whilst dairy foods have been shown
to have a lowering effect on blood urate level.7–10 Whether they do so because they
replace more purine-rich foods as a source of protein in the diet or via some direct
effect of casein and lactalbumin is not clear.10

Elements of the diet apart from purine content can also elevate uric acid
levels. For example, coffee and fructose can raise urate levels, whilst cherries can
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lower it.5,7,11,12 Obesity and a high rate of weight gain are both associated with
gout.13,14 Obesity and hyperuricemia are also part of the metabolic syndrome.

Excess alcohol consumption has been understood to be involved in gout since
ancient times and this is not surprising since it both increases production and
decreases excretion of urate.5 Recent observational data reported a dose–response
effect on gout incidence, in which alcohol intake increased the risk of gout by a
third at intakes of 10 to 15 g/d and by two and a half times at intakes over 50 g/d.15

Amongst alcoholic beverages, beer has a greater association, probably because it
is a source of purines (e.g., from yeast).15

ANTIOXIDANTS

The question of whether gout is a pro-oxidant condition in which antioxidant
nutrients might have a role is intriguing, because uric acid in vitro is actually a
powerful antioxidant.16 There is some evidence that uric acid can combine with
nitrous oxide to remove free radicals.17 One interesting speculation is that ele-
vated urate might not only cause inflammation, but also be produced in response
to the pro-oxidant state produced by inflammation. If this were true, it would be
one rationale for giving antioxidant nutrients to gout sufferers.

Additionally, a Russian study reported that free-radical concentrations in gout
patients were positively correlated with the severity of the disease.18 A Japanese
study found higher levels of oxidized LDL in gout patients, and that these levels
were lowered with allopurinol treatment to lower the urate.19

However, there is as yet no human clinical trial evidence to support the use of
antioxidants in treating gout. Vitamin C supplements are uricosuric, although
whether this has any practical impact on gout is doubtful.20 Whilst a diet with
plenty of fruit and vegetables — rich sources of antioxidants — is associated with
lower risk of gout, this could also be because such diets result in a person con-
suming less hyperuricemic foods.13 Such diets are also alkalinizing.

XANTHINE OXIDASE INHIBITORS

Some nutritional factors are known to inhibit the enzyme xanthine oxidase, which
is involved in the conversion of xanthine to urate. Folate is one of these — it is a
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TABLE 23.1
Purine-rich foods

Meat (especially organ meats), seafood
Yeast products, including alcoholic drinks
Legumes (peas and beans)
Oatmeal, wheat bran
Spinach, cauliflower, asparagus, mushrooms
Tea, coffee, cola drinks
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weak inhibitor of this enzyme, but a very small, human trial of high-dose folate
failed to lower urate.21 Curcumin (an active compound in the spice turmeric) is
another dietary element that inhibits xanthine oxidase.22

CALCIUM AND VITAMIN D

The relationship of gout to calcium and vitamin D is complex. Hyperuricemic
patients can certainly develop calcium stones, a combination known as hyperuri-
cosuric calcium urolithiasis, but whether the patient gets this pattern of gout
depends on the pH as much as on the urate or calcium concentrations.23 In
parathyroid disorders calcium and vitamin D certainly impact on uric acid metab-
olism, and one study has found that patients with gout have lower vitamin D3
levels correlated with higher urate.24,25 Yet synthesis of this same vitamin has been
found in synovial cells from gouty joints.26 In short, no consistent relationship has
been demonstrated between calcium homoeostasis and gout.

Editor’s Note

A patient with gout is likely to have more musculoskeletal health conditions than
the inflamed joint. Gout is linked to both obesity and the treatment of obesity.
Eating less and exercising more may exacerbate gout because muscle breakdown
increases purine levels. Gout is also associated with insulin resistance, low
vitamin D levels, and inflammation, all of which interfere with muscle synthesis.
Evidence is increasing that gout represents a pro-oxidative state with lipid oxida-
tion and higher concentrations of free radicals. Ongoing metabolic research
suggests there may be a clinical a role for antioxidants (Chapter 7) and vitamin D
(Chapter 10) in gout management.

CLINICAL APPLICATIONS

All this information about nutritional factors is interesting, but what is its practi-
cal relevance to clinical disease? In addressing this question, we have to be care-
ful to distinguish between hyperuricemia and gout itself.

Hyperuricemia is involved in disease outcomes unrelated to gout. For exam-
ple, it is one of a cluster of closely related but independent risk factors that con-
stitute the metabolic syndrome.27 Since metabolic syndrome is a prelude to
diabetes and heart disease, the treatment of hyperuricemia might feasibly make a
significant contribution to health outcomes related to this syndrome.28 There is
certainly room for scepticism as to whether gout per se, rather than hyper-
uricemia, is associated with cardiovascular disease risk.29,30

A randomized trial of dairy vs. no dairy intake found significant difference in
plasma uric acid level after several weeks, but this was because the urate
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increased in the non-dairy diet group, rather than decreasing in the dairy group.9

Some have suggested that it might be useful to follow a higher-protein and lower-
carbohydrate, unsaturated fat diet to improve insulin sensitivity, on the grounds
that hyperuricemia through the decreased urate clearance mechanism may be
related to insulin resistance.31,32 At present, this remains a hypothesis.

Dietary approaches in gout have focused on secondary prevention, i.e. mini-
mizing the risk of a further attack in someone who has already had one. Most
medical textbooks and recommendations on gout include a role for some or all of
the following: an increase in fluid intake, moderating the intake of alcohol and
purine-rich foods and reducing weight where appropriate.31 Others no longer
recommend routine purine avoidance on the grounds that drug treatments are
sufficiently effective.33 Surprisingly, although it is clear that such approaches can
reduce hyperuricemia (e.g., Scott et al.)34, there is not so much evidence showing
that dietary approaches prevent the actual recurrence of gout. It would be
reasonable to say that this is more an accepted part of clinical practice than an
evidence-based conclusion.

Research may cast better light on the role of free radicals and antioxidants and
vitamin D. The present consensus for dietary advice in gout management is
increased fluids and moderation in purine-rich food and alcohol intake, along
with reduction of any excess weight.
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The 21st century patient expects to be weighed, measured for height, body tem-
perature, and blood pressure, frequently asked for a urine sample, and routinely
examined in the eyes, ears, nose, and throat. They expect to be comprehensively
evaluated, sometimes even demanding that these health conditions be considered
in an overall treatment plan. They want health care professionals to be sensitive
to the body’s lack of isolated and noncommunicating compartments.1 The rapid
response of oral tissues to metabolic changes provides many clues to deficiency
states long before the condition is classified as a disease.

In this day of patient demand for prevention of disease as well as treatment,
the physician examining the patient, regardless of the symptoms presented, will
discover that performing a cursory, quick check of the oral cavity, is quite bene-
ficial. While examining the tonsils or other structures in the throat area, some
physicians may be missing an opportunity to note that the tongue, teeth, palate,
and gums offer a wealth of potential disease information that develops in a
remarkably short period of time.2 The wooden tongue depressor and a mouth
mirror are the only instruments needed to note normal and abnormal appearances
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in the lip, tongue, teeth, gingiva, palate, and saliva. Abnormalities are generally
considered to be signs of a nutritional deficiency.

THE TONGUE, PALATE, GUMS, AND GINGIVA

The tongue is one of the most prominent responders to metabolic disorders
or deficiencies.3–6 An oversized tongue, thick in a dorsal–ventral direction, with
indented or scalloped borders (from slight indentations to almost pedunculated
formations) is a well-described sign of an underfunctioning and underdevel-
oped thyroid gland. Early signs, even in children, are the slight tooth-mark inden-
tations on the lateral margins of the tongue. Because of the thyroid gland’s
importance in metabolism, these tongue formations are a valuable sign of nutri-
tional dysfunction.

A coated tongue appears in as few as 12 h after a dietary overload or defi-
ciency. Because of its papillary structure, it is an instant incubator for Candida
and other oral infections. Coatings are usually white, with the exception that
“smokers’ tongue” coatings range from tan to black. A dry, glistening tongue,
atrophied in appearance, may signal lack of saliva from medications taken, a
stroke, or senility.7–9

In deficiency states, the normally pink palate may be coated overall and be
patchy or have ulcerative patches. A posterior palate showing a red color is the
initial sign of oral candidiasis.

Red, swollen, boggy gums are the signs of periodontal infection. There is
much ongoing research on the possible systemic disease link to periodontal dis-
ease, which involves loss of attachment of the gingiva to the tooth, increased
pocket depth, and loss of alveolar bone, especially interproximally.10,11 Ideal gin-
gival architecture is a triangle of gum tissue that extends tightly between the teeth
and around the buccal and lingual surfaces of the tooth, is pale salmon pink in
color in persons of light skin, and has varying degrees of pigmentation in persons
of darker skin color. There is no expressible exudate from the sulcus. Recession
apically of the gingiva along the root of the tooth without a change in color or
form is not an inflammatory condition and is not yet fully understood. Recession
of the gingiva appears to follow bone loss, most apparently in the mandible.
Receding gums is the focus of the current study, and an association with osteo-
porosis appears likely.

Cracks on the corners of the mouth, known as cheilosis, have long been
considered a B vitamin deficiency and are now recognized as a primary result of
a Candida infection superimposed on a B vitamin deficiency.12,13

Cold sores are herpetic lesions that recur under conditions of physical stress
when there is an underlying imbalance in the ratio of the amino acids arginine and
lysine. Supplementation with 1 g of lysine on an empty stomach three times daily
has been demonstrated to shorten the course of the disease.14
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EXAMINING TEETH

Teeth work automatically in mastication with rare sensory output, erupt more or
less unobtrusively over a 20 year period when other systems demand much more
attention, have no early warning system when attacked, and do not cause pain
until the breakdown of the system is far advanced, irreversibly in many instances.

The teeth, by their absence or presence, indicate nutritional (metabolic)
changes that are taking or have taken place in the body.15 There is evidence that a
minimum of 12 posterior or 20 overall teeth are necessary to properly masticate
a bolus of food. Heart disease correlates with having less than 20 teeth.16 Missing
teeth often indicate an immune system failure and may be markers of radiation
therapy outside the oral cavity.17

The presence of third molars has also been noted in an atherosclerosis study
by the University of North Carolina as having a possible negative impact on peri-
odontal disease in the 52- to 74-year-old participants.18 Almost universally, the
wisdom tooth disrupts the occlusion of the proximal tooth and interferes with
mastication.

A single missing tooth causes a malocclusion in the bite, a shifting of the
dental arch, and loss of efficiency in chewing. Moreover, the teeth on either side
drift out of contact and the matching tooth in the opposite arch continues to erupt
into the space of the lost tooth, interrupting occlusion and mastication. Digestion
of protein is compromised and dietary intake of whole foods is often reduced
because of discomfort.

The absence of enamel on the lingual surfaces of the teeth is a strong indica-
tor that the patient is bulimic or anorexic and purges, leaving a heavy stomach-
acid residue on the lingual surface of the teeth, which over time dissolves the
enamel and leaves the exposed yellow dentin vulnerable to caries.19

Stains on the teeth, intrinsic in many cases, are noticeable on cursory exami-
nation but are rarely congenital. Most common in this intrinsic category are
discoloration bands in the enamel caused by antibiotics, particularly tetracy-
cline, administered during infancy and early childhood when the enamel is
forming within the jawbone, long before the tooth erupts. Other drugs and
smoking stain the enamel and support a huge cosmetic remodeling subspecialty
in dentistry today.

Untreated caries on the occlusal surfaces of posterior teeth are easily visible
and may extend onto the surfaces between the teeth.20 An acid pH (6.3 or less)
fosters bacterial infection and decay. The pH of the saliva can be assayed during
examination of the oral cavity.

Calculus (tartar), especially on the inside of the lower front teeth, is a meta-
bolic sign of imbalance in nutrition and seems to accompany or cause bone
loss around the teeth involved. Composed primarily of calcium oxalate, calculus
may result from an interaction between calcium, magnesium, and vitamin D.
Additional research is ongoing.
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OBSERVING SALIVA

Sticky, slimy saliva is another oral indicator of an acid pH.20 Its causes include a
sugar diet, lack of saliva from medications, stroke, old age, or the result of radia-
tion or chemotherapy.

Xerostomia, the drying up of saliva flow, has been the topic of several dental
conferences in the past decade.21,22 Of concern to the dental provider are the
sequelae, i.e., increased caries, especially at the gum line, loss of gingiva around
the teeth and accompanying bone loss, and a dry, glossy, denuded tongue. The
oral examiner may see these results of diminished salivary flow even before the
patient is aware of the condition. Body secretions, saliva constituents, bony ele-
ments, and their possible connection or relationship to oral and systemic diseases
are the substance of ongoing research.23–25

There are easy-to-use paper strips available, which indicate the pH of the
saliva. Placed on the tongue for a few seconds, the strips can be read immediately
and are an indication of dietary sugar intake. Salivary pH correlates to total body
acid–base balance.26,27 How acidity damages bone and a method by which to test
the body’s acidity burden are presented in Chapter 25.

Use of high-carbohydrate sports drinks has been demonstrated to reduce pH
and accelerate enamel erosion.28,29 Sports drinks contain three times the amount
of refined carbohydrate needed for electrolyte repletion (Chapter 8).

While most refined carbohydrates promote tooth decay, sugar alcohols actu-
ally have a protective effect. Sugar alcohols, such as xylitol and mannitol, are
refined and sweet, yet cannot be metabolized by oral bacteria. For this reason
sugar alcohols are found in chewing gum and toothpaste. Xylitol has been
demonstrated to exert a positive effect on the pH of the oral cavity, by selectively
promoting healthful commensal oral flora and preventing the overgrowth of
harmful microorganisms.30 Both maternal and pediatric use of xylitol has been
shown to reduce dental caries.31–33

VITAMIN C FOR SOFT TISSUE HEALTH

Inflamed gums are an early sign of vitamin C deficiency.34 Over two centuries
ago, Linn of the British Navy classified scurvy from the oral markers he saw
in vitamin C-deprived sailors. Also, the principal author of this chapter finds
that red, swollen, bleeding gums around the teeth are benefited by oral sup-
plementation with vitamin C well beyond the recommended daily allowance
dosage, especially if the inflamed gingiva are coupled with any history or
observation of bruising.34–36 Vitamin C is a precursor for hyaluronic acid, nec-
essary for regeneration and maintenance of bone and cartilage. Consistent
with the biochemistry, vitamin C supplementation facilitates the healing of
dental procedures involving gingival attachment and regrowth of trabecular and
cortical bone.
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OSTEOPOROSIS

Periodontal disease is associated with osteoporosis,11,37–44 insulin resistance,
diabetes, and heart disease.17,45–51 Alveolar bone loss and osteoporosis are two
conditions where the dental and the all-body studies overlap;25,52,53 both diseases
are primary factors in the study of nutritional deficiencies and aging.

One dietary link is magnesium deficiency. Aikawa locates 60% of the body
stores of magnesium in bone and designates it as a “surface-limited-ion,”54–58

which helps to explain the rapid disappearance of the skeletal bone and the alve-
olar ridge in magnesium-deficient states.4,19,59,60 As discussed in Chapter 9, refin-
ing carbohydrates reduces dietary intake of magnesium: 80% loss in refining
wheat, 83% loss in polishing rice, 99% loss in extracting sugar from molasses,
and 97% loss in producing starch from corn.54 Carbohydrates “unchaperoned” by
magnesium facilitate erosion of the dental enamel.

IATROGENIC HEAVY-METAL EXPOSURE

Heavy-metal toxicity and the possible deleterious effects of silver-amalgam
restorations in the teeth is a contentious issue at all levels of prevention and treat-
ment.54,61 One of the most compelling clinical observations is a black mole-like
lesion called an amalgam tattoo. Amalgam tattoos are sometimes seen in the gin-
giva, the palate, and even in the lip, not far from the site of an amalgam restoration
or an extraction (surgical) site.62 The nidus is a residual piece of metal incorporated
accidentally into the soft tissue at the treatment site. The tissue responded by
leaching out some of the metallic ions into the surrounding connective tissue and
epithelium, causing a black mole-like area. They are considered harmless unless
they spread, at which time they are removed. A potential link between amalgam
tattoos and whole-body mercury stores has not been investigated.

Mercury toxicity results in many musculoskeletal conditions, as discussed in
Chapter 29. Whether mercury amalgams are a significant, iatrogenic source remains
unresolved.63–65 Several European countries no longer use mercury–silver fillings;
the American Dental Association continues to state that there is no harmful effect
from mercury–silver amalgam to the human body. The outcome is likely to be
decided on an entirely different level: patients’ desires. Given the choices of dark,
unaesthetic, and controversial metal fillings vs. tooth-colored, virtually undetectable
restorative materials, the decision is, with rare exception, for more natural-looking,
tooth-colored material. The mercury issue may pass into evolutionary extinction.

CONCLUSION

Teeth constitute only a fraction of the structures within the oral cavity that
influence and are influenced by the musculoskeletal system of which they are an
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integral part. The agenda envisioned by Dr. Richard Carmona, Surgeon General
of the United States, that begins with health promotion and disease prevention
should include the care of the oral cavity.66,67

Too often the mouth is the “stepchild” in the maintenance of health, coming
into focus only after disease has a firm foothold in the body. Yet the mouth is
inextricably linked with health and is vital to the development of the individual.
An all-encompassing review of nutrition’s relationship to dental health and oral
markers is impossible to present in one chapter. The mouth is a factor in muscu-
loskeletal, indeed in total body health care.68,69 Some additional topics of interest
are magnesium deficiency in diabetes,5,54,70,71 coronary heart disease, stroke,
osteoporosis41 and arthritis,7 protein synthesis,72 bone loss,40,73 tooth loss and ma
nutrition,74 protein metabolism effects on bone mineral density and rate of bone
loss,75 protein and calcium balance,18 acid–alkaline balance,26,27 calcium and
vitamin D levels,19,76–78 sugar–fructose effects,24 and B complex vitamin absorp-
tion.15 The interactions are endless, and many deficiencies first emerge in the
mouth.79,80 In summary, physicians and dentists, working together, can accom-
plish mutual goals of preventing and, when necessary, treating disease.

Editor’s Note

The mouth serves as an early detection system for nutritional deficiencies.
Examining the oral cavity can reveal “jaw-droppingly” useful information about
less visible portions of the musculoskeletal system.
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RETHINKING BONE STRENGTH

The more we consider the issue of bone strength, the more we realize that it is a
very complicated phenomenon, which for practical clinical purposes we have
tried to make very simple. In the clinical setting bone strength is commonly
equated with bone mineral density (BMD). On closer inspection, however, we
realize that bone strength encompasses a myriad of considerations beyond BMD.

Although we are yet to understand all the factors influencing bone strength,
two major components are clearly bone density and bone quality. While bone
density has been well explored, bone quality is an evolving concept. Bone qual-
ity includes issues of bone architecture, stiffness, material spatial distribution,
turnover, damage accumulation and ability to repair microfractures, mineraliza-
tion, crystal size and shape, vitality of bone cells, and the structure of bone pro-
teins. A focus on bone quality and overall bone strength leads us to focus on
biomechanical determinants and metabolic factors. This chapter discusses the
nutritional components of bone strength, information which can be applied to
fracture healing, osteoporosis prevention and management, preparation for ortho-
pedic surgery, and for reducing the consequences of immobility.

Editor’s Note

In many parts of the world, population rates of fracture are increasing, osteo-
porosis is occurring in more frequently among perimenopausal women, athletes
may have poor bone quality despite high-impact sports, and patients heal at vari-
able rates from the same orthopedic surgery. Inadequate bone nutrition is an
underlying cause and is increasingly common across the life span.

BONE RESERVES

Bone plays various important roles beyond providing the body with form, rigid-
ity, and locomotion. Bone serves as an incubator for red blood cells and selected
immune cells and provides a protective milieu for the immune system. Bone also
serves as a storehouse. The role of bone in calcium storage is well known, daily
several hundred milligrams of calcium are taken out of the bone and deposited
into the blood to maintain stable serum calcium levels, and ideally the same
amount is taken from the blood and deposited into the bone. Without appropriate
serum calcium, minute-to-minute survival would be compromised. The impor-
tance of adequate serum phosphorus is less well appreciated, as is the role bone
plays in phosphorus storage. Phosphorus is required for metabolism by every cell
and bone contains a large store of phosphorus comprising nearly 60% of all bone
mineral. If the phosphorus levels in the blood entering bone are low, phosphate is
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extracted from the fluid around the osteoblasts for use in other parts of the
body. This creates a local environment of depleted phosphorus, which seriously
interferes with osteoblast function, as they too require phosphorus for their
metabolism. As a result bone matrix deposition is slowed and osteoblast initia-
tion of mineralization is reduced even more resulting potentially in rickets and
osteomalacia.1

In addition to the aforementioned functions, bone also serves as an important
storage site for minerals and alkalizing compounds. Of equal importance to the
storage of mineral in bone is the storage of the anions associated with the mineral
(e.g., phosphates and carbonates). It is now clearly documented that bone pro-
vides a gigantic reservoir of base, largely in the form of alkaline salts of calcium
(phosphates and carbonates), and that these salts are mobilized and released into
systemic circulation in response to increased loads of acid. The liberated base
mitigates the severity of the attendant systemic acidosis and thus contributes to
the maintenance of critical systemic acid–base homeostasis. The liberated cal-
cium and phosphorus, however, are lost in the urine, without compensatory
increases in gastrointestinal absorption. Reduction of bone mineral content is an
unavoidable consequence of bone’s defense of acid–base homeostasis.2 Bone’s
role as a storehouse of alkali reserve is a topic of growing scientific interest
bearing significant nutritional implications. These implications are detailed in our
section on base-forming foods.

The functions of mineral and base storage are more critical than the structural
functions of bone, as minute-to-minute survival depends on the availability of
these readily exchangeable reserves. As such, the body in its evolutionary adap-
tive allocation of nutrient resources gives priority to the maintenance of metabolic
homeostasis at the expense of the structural integrity of bone.

Each function of bone is tightly woven in to the fabric of human biochemistry.
Currently we understand the contributions that many, but not all, nutrients play in
bone health development and maintenance. In this chapter we review the major
key bone building nutrients, as they are known today. The nutrient categories to
be discussed are: (1) protein, (2) minerals, (3) vitamins, (4) essential fatty acids,
(5) base-forming foodstuffs, (6) phytoestrogens, and (7) water. While each nutri-
ent is discussed separately, it is important to keep in mind that many are code-
pendent and simultaneously interact with each other, and with genetic and
environmental factors. The reader is referred to Table 25.1, “The 19 Key Bone
Building Nutrients” for a summary of these nutrients.

PROTEIN

The organic collagen matrix that comprises roughly 50% of bone by volume is
formed from protein. Adequate dietary protein is essential for the maintenance of
this skeletal protein matrix. Inadequate protein intake, often marked by low serum
albumin, is associated with reduced BMD and increased fracture risk amongst the
elderly.
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TABLE 25.1
The 19 key bone-building nutrients
Nutrient Adult RDA or AI Common therapeutic Dietary considerations

range for bone health*

Calcium 800–1200 mg 1000–1500 mg Typical diet is inadequate, averages 500–600 mg3,4

Phosphorus 700 mg 700–1200 mg Inadequate intake is rare except in elderly and malnourished; excessive intake common with use of
processed foods and soft drinks

Magnesium 420 mg men; 400–800 mg Intake generally inadequate: all ages, sexes, classes, except children less than 5, fail to consume
320 mg women this RDA; 40% of population, 50% of adolescents consume less than 2/3 the RDA4–7

Fluoride 4.0 mg men; 3.0 mg women — Fluoride overdose has occurred through ingestion of fluoride toothpaste and high fluoride waters5

Silica No values yet set 5–20 mg Intake is unknown; silica is removed in food processing, current intake is suspected to be low
Zinc 11 mg men; 8 mg women 20–30 mg Marginal zinc deficiency is common, especially among children (26); average intake was 46–63%

the RDA7

Manganese 2.3 mg men; 1.8 mg women 10–25 mg Intakes are generally inadequate, 1.76 mg adolescent girls 2.05 mg women, 2.5 males8

Copper 900 �g men and women 2–3 mg 75% of diets fail to contain the RDA7,9; average intake is below the RDA5

Boron No RDA established 3–4 mg 0.25 mg intake is common10 to perhaps optimum of 3 mg
Potassium 4700 mg men and women 4700–5000 Adult intake averages 2300 mg for women and 3100 mg for men11

Vitamin D 400 IU until age 70; then 800–2000 IU Deficiency is common especially among the elderly, dark skinned and those with little UV 
600 IU, men and women and up as needed sunlight exposure

Vitamin C 90 mg men; 75 mg Oral 500 mg; to bowel Average daily intake is about 95 mg for women and 107 for men12

women tolerance as needed
Vitamin A 2997 IU men; 2,331 IU 5000 IU or less 31% consume less than 70% the RDA13; current intake for women is about 2373 �g/d14

adult women
Vitamin B6 1.7 mg men; 25–50 mg Studies indicate widespread inadequate vitamin B6 consumption among all sectors of the sectors of

1.5 mg women the population15

Folic acid 400 �g men and women 800–1000 mcg Inadequate intake was common among all age groups, but is improving with food fortification5

Vitamin K 120 �g men; 90 �g women 1000 �g Averages 45–150 �g, which is well below the recommendation AI16

Vitamin B12 2.4 mg men and women 100–1000 �g 12% consume less than 70% RDA (119); older people and vegans are especially at risk5

Fats Should comprise 7% of calories 20–30% of total The average American consumes 33% of his or her calories in fat; the consumption of essential
minimum, not to exceed 30% calories is perhaps acids, however, is frequently inadequate5

of calories more ideal
Protein 0.8 grams per kilo per day 1.0 to 1.5 grams Intake commonly exceeds 100 grams, but the elderly and women over 50 often have very deficient

men and women per kilo intakes. Higher protein intakes should be balanced with higher RDA level potassium intakes
125 lb person = 45 grams from food sources (26).
175 lb person = 63 grams

* The common therapeutic dose for bone health may be significantly higher in “special need” cases.
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Low protein and low albumin are strongly and independently associated with
functional outcome after hip fracture. Higher protein status has been associated
with shorter hospital stays, reduced rates of complication and even reduced mor-
tality. Several studies have documented the benefits of using supplemental pro-
tein (20 g/d) for hip fracture patients.17,18 Short-term studies suggest that an abrupt
shift to a low-protein diet reduces intestinal calcium absorption to the extent that
it causes secondary hyperparathyroidism. Adequate protein is essential for bone
growth, maintenance and renewal. While protein consumption of in the United
States often exceeds the recommended daily average (RDA), an estimated 30%
of all women over the age of 50 consume less than the RDA for protein. Thus,
many of those most vulnerable to osteoporosis have inadequate protein intakes.
In the Framingham longitudinal study of older men and women, the greatest bone
loss over 4 years was observed in those with the lowest animal protein intake.19

Similarly, the Iowa Women’s Health Study reported higher protein intakes to be
associated with reduced fracture risk.20

In what might initially appear as contrary to the aforementioned studies,
excessive animal protein may be deleterious to bone. Some studies suggest that
protein intake influences urinary calcium excretion to such an extent that for
each 50 g increment of protein consumed an extra 60 mg of urinary calcium is
excreted.21 Thus it follows that uncompensated high protein intake leads to bone
loss. Cross-cultural studies suggest that animal protein intake is positively asso-
ciated with increased hip fracture incidence. Several worldwide surveys docu-
ment that the countries with highest animal protein intakes are those with highest
hip fracture rates.22,23 In the Study of Osteoporotic Fractures, a high animal pro-
tein to vegetable protein ratio was associated with a greater rate of bone loss at
the hip and increased hip fracture risk.24 On the other hand, in a case-controlled
study of elderly Utah residents (n � 2501), an increase in protein intake was
associated with a decreased risk of hip fracture in men and women 50 to 69 years
of age but not in those 70 to 89 years of age.25 The proposed explanation of the
relationship between animal protein and hip fracture incidence relates to the fact
that animal protein is rich in acid-forming sulfur-containing amino acids. Further,
the contemporary cultures consuming a high animal protein diet also tend to
under-consume vegetables, fruits, needs, and seeds, food high in base-forming
precursors. This combination contributes to chronic low-grade metabolic acido-
sis and subsequent bone weakening. High dietary protein, if not balanced with
high base-forming precursor intake, can have a detrimental impact on bone.

Dietary protein is best considered in the context of the entire diet of each indi-
vidual, particularity in terms of the balance between acid- and base-forming food-
stuffs and overall mineral intake. In order to reconcile what initially seems like
contradictory studies on protein intake, consider the human ancestral diet during the
Paleolithic Period 100,000 years ago. These early populations developed greater
peak bone mass and experienced less age-related bone loss than do age-matched
contemporary humans.26 The diet contained more protein than contemporary diets.
These ancestral diets also contained more calcium, potassium, magnesium, and
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zinc, while low in sodium chloride, sugars, and void of refined carbohydrates.27 For
example, calcium, potassium, and protein intakes were two to three times higher
than current intake levels, while sodium intake was seven times lower. These diets
were balanced, high protein, high mineral, high phytonutrient, alkalizing diets. For
example, Sabastian and colleagues reconstructed the net systemic acid load from
159 ancestral preagricultural diets. Overall, 87% of the 159 prehistoric diets evalu-
ated were estimated to have provided an excess of base, while contemporary
Westernized diets provide an excess of acid.28

In summary, a low protein, low nutrient diet increases fracture risk and does
not favor bone at any life stage. The elderly and underweight frequently exhibit
protein intakes below the RDA, which are suboptimal. The adult RDA is currently
0.8 g/kg/d. A high protein diet in association with low intakes of calcium, magne-
sium, potassium, and other nutrients increases urinary mineral loss and worsens
chronic low-grade metabolic acidosis, and is detrimental to bone at all ages. The
average American labors under chronic low-grade metabolic acidosis, which is in
itself harmful to bone and is exacerbated by excessive protein and inadequate potas-
sium and magnesium intakes. Moderately high protein diets require adequate base-
forming foodstuff and nutrients to neutralize net endogenous acid production.29

MINERALS

Several minerals are essential for optimal bone health including calcium, phos-
phorus, magnesium, manganese, zinc, copper, and boron. It is important to keep
in mind that these minerals exist in balance with each other. Clinical assessment
should evaluate for mineral deficiencies and also screen for toxic minerals. This
can be achieved with a D-penicillamine provoked 24-h urine collection as outlined
in Chapter 29. Treatment for mineral deficiencies includes increases in dietary
consumption of certain foods, as referenced in Table 25.1 and Table 25.2, and the
use of multivitamin and mineral supplementation.

CALCIUM

Calcium is the most abundant mineral in the body. This mineral comprises 2% of
the adult body weight, with the vast majority found in the hydroxyapatite crystal
of bone and teeth. While calcium is clearly an essential nutrient for bone health,
the optimum dietary intake of calcium is controversial and appears to depend
upon the total diet. For example, authoritative U.S. calcium researcher Robert
Heaney suggests that prudent nutritional support for osteoporosis prevention and
treatment consists of 1200 to 1600 mg calcium per day together with sufficient
vitamin D to maintain serum 25(OH)D levels about 80 nmol/l.30 In many non-
Westernized cultures, however, calcium intakes of 200 to 600 mg are documented
to maintain normal bone health and a low incidence of osteoporotic fractures.31,32

In fact, it has been noted that the countries with the lowest calcium intakes have
been found to be those with the lowest fracture rates.33 Further anthropologist
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Stanley Garn measured bone loss over a 50-year period in both North and Central
America and failed to find a link between calcium intake and bone loss.34

Numerous modern population studies make the same observation.
Cross-cultural analysis indicates that there is no one standard ideal calcium

intake, neither is a high calcium intake necessary for bone health. As it appears,
the adequate calcium intake for any given culture depends on coexisting dietary,
lifestyle, and environmental factors. These factors include the balance between,
and total intake of other nutrients; consumption of potentially bone-damaging
substances like excess salt, protein, alcohol, tobacco, fat, sugar; degree of chronic
low-grade metabolic acidosis, use of bone-depleting medications; sunlight expo-
sure; environmental toxins and stress; incidence of sex organ surgeries, degener-
ative diseases, medications used, etc.

In the United States and other Westernized countries it appears that high cal-
cium intake is needed to maintain positive calcium balance and reduce fracture
risk. Calcium authority Robert Heaney.35 reviewed all published studies on the
relationship of calcium and bone health since 1975. Of 52 investigator-controlled
calcium intervention studies, all but two showed better bone balance at high
intakes, or greater bone gain during growth, or reduced bone loss in the elderly,
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TABLE 25.2
Clinical considerations for calcium intake

Calcium and other bone building nutrients should be consumed to RDA levels. For RDA levels of
the key bone building nutrients see Table 25.1

Calcium therapy will be of greatest benefit to those with the lowest baseline calcium intakes
Calcium doses over 2000–2500 mg/d may pose a risk in relation to the formation of kidney stones,

the development of nutrient imbalances and other problems
Supplemental calcium should be used as necessary to meet the RDA and are best taken in

divided doses
Magnesium should be supplemented with calcium in a one (Mg) to two (Ca) ratio. Refer to

Dr. Buford-Mason’s chapter on magnesium
A high-quality vitamin and mineral supplement is recommended to assure adequate levels of,

and balance between, other key bone nutrients
Preadolescents through the teens should at least meet, or exceed, the RDA for calcium intakes

(RDA � 1300 mg)
Calcium supplements should be taken with food for enhanced absorption as there is a 10–30%

greater absorption than if ingested without food
Generally, the preferable forms of calcium supplements are the alkalizing salts of calcium such as

calcium citrate, malate, gluconate, acetate, tartrate, fumerate, and carbonate
If protein and calorie intakes are low and suggestive of inadequate phosphorus, calcium in the form

of tricalcium phosphate is recommended
High calcium intakes are best taken in balance with other nutrients such as magnesium, phosphorus,

iron, and zinc
Iron supplements, if needed, should be taken apart form calcium supplements
Maximum absorption of calcium is obtained when the level of 25(OH) vitamin D is in the top two

thirds of the normal range
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or reduced fracture risk. Nonetheless, the relationship of current calcium intake
and fracture risk is controversial. For example, the large U.S. Study of
Osteoporotic Fractures (9704 women 65 years and over followed for 6.6 years)
found the current use of calcium supplements was associated with increased risk
of hip (RR 1.5) and vertebral (RR 1.4) fractures.36 The larger U.S. Nurses’ Health
Study found that among middle aged and older women frequent milk consump-
tion does not provide any substantial protection against hip or forearm fractures.
Women consuming greater amounts of calcium from dairy foods had a modestly
significant increase in hip fractures while no increase in fractures was observed
for the same levels of calcium from nondairy sources.37

While calcium is essential to bone, our cultural emphasis on calcium has
overshadowed the importance of other key bone-building nutrients of great
importance. For example, a large Swedish study (N 65,000 women aged 48 to 80
years) found that when highest quartile of intake was compared to lowest, intakes
of iron (OR � 3.3), magnesium (OR � 2.7), and vitamin C (OR � 1.9) were
found to be independent risk factors for hip fracture. High calcium intake did not
protect against hip fracture.38 Further, the few intervention trials that have incor-
porated multi-nutrients have shown positive benefits. For example, a 2-year,
placebo controlled trail on 225 postmenopausal women in the United States used
three nutrient interventions: (1) calcium alone; (2) zinc, manganese, and copper;
and (3) calcium, zinc, manganese, and copper. The only group to experience an
improvement in bone mineral density was the group given calcium, zinc, man-
ganese, and copper. Those using the placebo lost on average of 2.23% BMD.39

Finally, the important balance among all nutrients, and the fact that high cal-
cium intake is likely to have deleterious effects on the absorption and retention of
other minerals, is also often overlooked. For example, calcium and phosphorus
maintain an inverse relationship whereby excess in the level of one causes the
kidney to excrete the other. Also, calcium competes with iron for absorption and
limits calcium absorption. Supplementing with calcium can also increase magne-
sium losses, and so forth.

The average calcium intake of adult women in the United States is only 60%
of the DRI. Further, only 14% of girls and 36% of boys aged 12 to 19 years con-
sume the recommended amount of calcium.5 See Table 25.2.

PHOSPHOROUS

After calcium, phosphorus is the most abundant mineral in the human body with
85% of the body’s phosphorus bound to the skeleton. Phosphorus is required for
the appropriate mineralization of bone and depletion of phosphorus leads to
impaired bone mineralization and suboptimal osteoblast function.

Recent guidelines have set the RDA for phosphorus well below the recom-
mended adequate intake (AI) for calcium. The average American, however, con-
sumes much more phosphorus than calcium. Dietary phosphorus intake averages
1 to 1.5 g/d and has risen 10 to 15% over the past 20 years, largely because of the
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increased use of phosphate salts in food additives and cola beverages. Although
phosphorous is an essential bone nutrient, there is concern that excess amounts
may induce high parathyroid secretion, which suppresses vitamin D production
and intestinal calcium absorption, thereby worsening calcium balance. On the
other hand, phosphorus also reduces the amount of calcium lost in the urine and
thus may offset the adverse effects on calcium absorption. The scientific data on
this point is still inconclusive and the effects of high phosphorus intake are likely
evident only when combined with a low calcium diet.40

The bone health of 10 to 15% of the elderly in the United States is jeopardized
by inadequate phosphorus intake. Prolonged dietary phosphorus deficiency and
depleted serum levels result in enhanced resorption of minerals from bone.
Osteoporosis medications require adequate phosphorus for efficacy. Among the
elderly, increased dietary protein intake and supplementation with tricalcium
phosphate and vitamin D is associated with decreased fracture risk.41,42

MAGNESIUM

Two thirds of the 25 g of magnesium in the human body is found in the skeleton.
The average U.S. adult intake of magnesium for males is 323 mg/d and for
females is 228 mg/d, these being well below the current RDAs of 420 and
320 mg/d, respectively.43 Magnesium exists in balance with calcium. In the
1920s, the dietary magnesium/calcium ratio was 1:2, a ratio that has been found
to be optimal for retention of each mineral in extensive balance studies in young
men and women. As magnesium intake has declined while calcium consumption
has increased, the dietary magnesium/calcium ratio is now between 1:3 and 1:4.44

Information on magnesium’s diverse roles in musculoskeletal health is detailed in
the chapter by Dr. Burford-Mason. A few small human intervention studies
reported that magnesium supplementation (from 250 to 750 mg/d) significantly
increased bone density.45,46

MANGANESE

Manganese, like zinc and copper, is a trace element that can profoundly affect
bone health. Manganese is an important cofactor in the biosynthesis of bone
matrix mucopolysacharides.47 Manganese deficient hens and rats show dispropor-
tionate growth of skeleton and under-glycosylation of proteoglycans. Protoglycans
are a small but significant component of the mineralized bone matrix, the levels of
which appear reduced in manganese deficient animals. Osteoporotic changes in
bone can be brought about by manganese deficiency, which appears to increase
bone breakdown while decreasing new bone mineralization.47,48

Clinical relevance became apparent in the mid-1980s, when researchers try-
ing to understand why the California professional basketball player Bill Walton
suffered from joint pain, recurrent bone fractures, and poor fracture healing, dis-
covered that his blood manganese level was undetectable. He was also deficient
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in copper and zinc, while calcium levels appeared adequate. Supplementation
with these trace minerals and calcium restored his bone health.

Greater serum manganese concentrations are associated with decreased bone
breakdown and some studies show osteoporotic women to have one quarter the
manganese level of nonosteoporotic women.49 A study of 14 Belgian women with
severe osteoporosis, matched by age with nonosteoporotic women, found blood
manganese levels in the osteoporotic subjects were one quarter that of the nonos-
teoporotic subjects. Interestingly, of the 25 variables studied, only manganese
was significantly different between osteoporotic and nonosteoporotic women.50

While there appears to be no mononutrient, manganese-only, human intervention
trials, at least three multinutrient human intervention studies have incorporated
manganese supplementation.46,47,51 All three showed an increase in BMD with the
multinutrient supplementation.

The current adequate intake for manganese is set at 2.3 mg/d for men and
1.8 mg/d for women. Women consume inadequate amounts of manganese-
containing foods such as wheat bran, tea, and spinach, primarily because processed
food have less manganese. Absorption of manganese may also be compromised by
supplement use, since magnesium, iron, and calcium inhibit manganese uptake.

ZINC

Zinc is present in all organs, tissues, fluids, and secretions of the body. Zinc is pri-
marily an intracellular ion with well over 95% of total-body zinc found within the
cells. It is the most abundant intracellular trace element. Of the 1.5 to 2.5 g zinc
found in the human body, 57% is located in the skeletal muscle and 29% in the
bone. Nearly 90% of the body’s zinc is stored in the skeletal muscle and bone.
Skeletal muscle and bone likely serve as a zinc reservoir, making the nutrient
readily available for the 200 zinc-dependent enzymes.

Zinc functions as a cofactor in over 200 enzymatic reactions, many of these
relate to the growth processes. In bone metabolism, zinc is needed for the pro-
duction of the collagen protein matrix threads upon which the hydroxyapatite
crystals are deposited. Zinc deficiency results in impaired DNA synthesis, lead-
ing to negative effects on bone formation. Zinc is also needed for the production
of enzymes, which degrade and recycle worn-out bits of bone protein. Zinc is
required for proper calcium absorption and enhances the biochemical activity of
vitamin D. Zinc is essential for bone healing and increased amounts are found at
the sites of bone repair.

Osteoporosis has been associated with low zinc levels. In small studies, zinc
was found to be 30% lower in osteoporotic women compared to nonosteoporotic
women. Bone zinc levels were also 28% lower.52 Low zinc levels are also found
in individuals with advanced jawbone loss. The Rancho Bernardo Study of com-
munity dwelling men ages 46 to 92 years reported that dietary zinc intake and
plasma concentrations were lower in men with osteoporosis at the hip and spine
than in men without osteoporosis at these locations.53 In another large study
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(n � 6576) of men aged 46 to 68 years, zinc intake in the lowest quintile (10 mg/d)
doubled the risk of fractures compared to those in the highest quintile.54

Zinc interacts with other nutrients. Large quantities of ingested zinc can inter-
fere with copper bioavailability. Clinical signs of copper deficiency have been doc-
umented in individuals taking 150 mg zinc for 2 years. Lower, more typical zinc
intake does not affect copper absorption. On the other hand, high copper intakes
create a relative zinc deficiency. Supplemental iron inhibits zinc absorption.55 The
Institute of Medicine therefore recommends that all pregnant women receiving
more than 60 mg/d of iron also take supplemental zinc. High levels of dietary
calcium can impair zinc absorption in animals, and perhaps in humans.56–58

While it is held that there is no specific zinc “store” in the body, high dietary
zinc increases bone, liver and intestinal zinc levels. Release of zinc from these tis-
sues during depletion may slow the rate of onset of zinc deficiency symptoms. The
zinc deficiency induced reduction in cell division and resulting impaired growth
may be an adaptive process and represent accommodation to zinc deficit. By
reducing growth, including bone protein matrix growth, and by drawing zinc from
bone and skeletal muscle, more zinc is made available for critical zinc-dependent
metabolic processes.55 Zinc’s important role in maintaining the structure of tran-
scriptional factors and regulating gene expression provides a strong rationale for
zinc conservation, and good reason the body might sacrifice bone and muscle zinc
in times of deficiency. Just as the body prioritizes the metabolic function of bone
over structural functions of bone and gives of is calcium, phosphorus and buffer-
ing compound reserves, bone may well also offer trace minerals for systemic use
at its own expense. Therefore, marginal zinc nutrient deficiency may adversely
impact bone long before manifestation of clinical deficiency.

The current RDA for zinc is 11 mg/d for men and 8 mg/d for women. Zinc
inadequacies are common in the United States, particularly among children. While
zinc intakes are marginal worldwide, zinc is lost in food processing and depleted
by stress and also ejaculated semen. A simple clinical test for zinc adequacy
involves the zinc taste test. The perception of the taste of zinc varies according to
zinc status. Those with adequate zinc stores note a metallic taste of a zinc solution,
while those with inadequate stores of this mineral experience no taste.

COPPER

The adult human body contains only about 50 to 120 mg copper. Approximately
one third of body copper stores are in bone, one third in muscle, and one third in
liver and brain combined. Insufficient copper leads to anemia, neutropenia, osteo-
porosis, skeletal abnormalities, and fractures across species. Although severe cop-
per deficiency in humans is rare, a role for copper in the maintenance of human
bone health has been determined from observations of osteoporosis in infants
recovering from malnutrition, and preterm infants born with inadequate copper
reserves. Throughout the lifespan severe copper deficiency is known to cause
skeletal abnormalities.
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Much of the action of copper in bone health relates to its role as a cofactor in
the lysyl oxidase enzyme. This enzyme is copper containing and catalyzes the
cross-linking of lysine and hydroxyproline in collagen and elastin. Thus copper
aids in the formation of collagen for bone and connective tissue and contributes
to the mechanical strength of bone collagen fibrils. Copper also aids in the inhi-
bition of bone resorption through its action as a cofactor for superoxide dismu-
tase. Superoxide dismutase is a copper and zinc containing antioxidant, which
neutralizes superoxide radicals produced by osteoclasts during bone resorption.58

Copper deficiency results in decreased bone strength in animal studies and inad-
equate copper levels have been associated with the development of osteoporosis in
humans. Copper supplementation (3 mg/d) halted vertebral trabecular bone loss
in a placebo-controlled study of middle-aged Irish women (ages 45 to 56 years).59

Copper, in combination with supplemental calcium, zinc and manganese, increased
bone mineral density in two studies of postmenopausal women.51,60

High calcium and phosphorus intakes lower copper retention. Additionally,
high dose supplementation with zinc and iron can contribute to marginal copper
deficiency as might possibly high dose vitamin C and a high fructose intake.61

The average intake of copper in the United States is below the RDA of 900 �g
and it has been suggested that the usual copper intake is marginal and may not
support optimum health.

BORON

Boron is a mineral found in substantial amounts in many fruits, vegetables, and
beans. Populations with traditional whole food diets may consume up to 10 mg/d
as compared with current U.S. intake of 0.50 to 1 mg/d. Animal studies suggest
boron enhances bone strength. Early human studies10 showed 3 mg boron supple-
mentation reduced urine excretion of calcium, magnesium, and phosphorus and
increased estrogen and testosterone levels. The mineral-sparing effect of boron
appears greatest when intake of magnesium is low. Even though further research
is needed to verify and amplify these original observations, increasing boron
consumption to at least 3 mg from fruits, vegetables, nuts, beans, and supplements
is advisable.

POTASSIUM

The role of potassium in bone health relates to the ability of alkalizing potassium
compounds to neutralize metabolic acids. The deleterious impacts of chronic low-
grade metabolic acidosis on bone, and the bone-enhancing neutralizing effects of
potassium salts, have been documented by several researchers and are discussed
in the following section on base-forming foods.

The skeleton serves as an important reservoir of alkaline salts for the mainte-
nance of critical acid-base balance. Less well known is the fact that the initial
skeletal response to an acid load involves not bone calcium, but bone carbonate,
sodium, and potassium. In the first line of buffering defense protons are taken up
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into bone and in exchange sodium and potassium are released. Calcium is lost
after other bone ions are depleted.62,63

Fruits and vegetables provide mineral salts with alkalizing anions useful for
neutralizing net endogenous acid production. If these mineral salts are not consumed
in adequate amounts, alkalizing bone mineral compounds are drawn upon to help
reduce low-grade metabolic acidosis, causing increased bone resorption and
enhanced loss of minerals in the urine. Dietary potassium can offset excretion of
absorbed calcium to such an extent that calcium authority Dr. Heaney reports that
eating one medium baked potato or one large banana can conserve about 60 mg of
calcium. Further, recent research by Frassetto and colleagues at the University of
California reports the long-term sustained benefits of potassium bicarbonate supple-
mentation. Women receiving potassium bicarbonate supplementation experienced
decreased urine calcium loss during the entire three year study period. Those with
the highest baseline losses experienced the greatest decreases.64 Other researchers
have found that potassium citrate supplementation attenuated the effects of increased
dietary salt on calcium loss.24

Vegetables and fruits are high in potassium. Several studies have now found a
positive association between fruit and vegetable intake and bone mineral den-
sity.65–67 Urinary potassium as a marker of potassium intake is positively associated
with BMD in children.68,69 In addition to promoting an alkaline environment, a diet
high in fruits, vegetables, and legumes provides nutrients such as vitamin C and
quercetin, which also promote bone health. Increasing vegetable and fruit intake is
the preferred way to increase potassium. The current U.S. adequate intake (AI) for
potassium is 4700 mg/d. The average adult daily potassium intake in the United
States is below the AI and is reported to average around 2200 mg for women and
3200 mg for men, primarily due to inadequate intake of fruits and vegetables.

VITAMINS

Vitamins A, C, D, K, and folic acid (a B vitamin) are known to be essential for
bone health. Vitamin levels can be determined by functional laboratory tests.
Vitamin D testing is elaborated by Dr. Holick in his chapter on vitamin D. In addi-
tion to laboratory assays, vitamin C can be assessed by the patient with home
urine test strips.* This chapter describes the vitamins’ unique role in bone
strength. Most patients’ vitamin stores can be optimized with dietary recommen-
dations as outlined in Table 25. 1 and Table 25.2, and simple multivitamin and
mineral supplementation.

VITAMIN D

It has long been known that vitamin D is essential for the absorption of calcium
and phosphorus and the subsequent development of normal bone health. Low
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vitamin D results in decreased intestinal calcium absorption and lowered serum
calcium, which, in turn, triggers increased parathyroid hormone production.
Parathyroid hormone stimulates increases in bone resorption and intestinal cal-
cium absorption to normalize serum calcium concentration. A further action of
parathyroid hormone is to increase renal clearance of phosphate. By these actions
vitamin D deficiency can lead to both osteoporosis and osteomalacia.

The last few years have witnessed an unprecedented expansion of our knowl-
edge about vitamin D and its relation to musculoskeletal and whole body health.
In his chapter on vitamin D, Dr. Holick details this exciting new research.
Presented here are key findings pertaining to osteoporosis. First, we now know that
calcium absorption is optimized by higher than suspected levels of vitamin D.
Specifically, it is now documented that healthy postmenopausal women with
serum 25(OH)D levels averaging 86.5 nmol/l have calcium absorption efficien-
cies 65% greater than those with mean 25(OH)D levels of 50.1 nmol/l, even
though both levels are within in the normal reference range.70 Second, large ran-
domized controlled trials have documented a significant reduction in fracture
incidence among elderly given 800 IU D3 and calcium daily.

Chapuy and colleagues studied 3270 ambulatory elderly French women (mean
age 84 years) with no serious medical conditions living in nursing homes or elderly
apartments. Subjects were administered 1.2 g elemental calcium as tricalcium phos-
phate and 800 IU D3 daily. After the initial 18-month study period, there was a 43%
reduction in hip fractures and a 32% reduction in all non-vertebral factures in the
calcium and D group as compared to placebo. These benefits were sustained as an
extension study ended with a 30% reduction in hip fractures and a 24% reduction
in all nonvertebral fractures at 36 months.42 In a second placebo-controlled, ran-
domized intervention study Dawson-Hughes and colleagues studied 389 healthy
U.S. community dwelling women and men aged 65 years and older. Subjects were
given 700 IU vitamin D3 and 500 mg elemental calcium as calcium citrate-malate
in a 3-year study. The endpoints of the study were nonvertebral fractures and BMD
changes. At 3 years the nonvertebral factures were reduced by 60%.71

VITAMIN C

Vitamin C is required for the hydroxylation of lysine and proline necessary for
collagen formation. Ascorbate also appears to stimulate osteoblast functioning,
enhance calcium absorption, and enhance vitamin D’s effect on bone metabolism
and adrenal functioning. Epidemiological studies report a positive association
between vitamin C intake and bone density72 and those with the lowest vitamin C
levels have been seen to lose bone at a greater rate than those with higher levels.73

Additionally, a small U.S. cross-sectional study of elderly women (N � 150)
found those with osteoporosis had markedly decreased antioxidant defenses as
measured by vitamins C, A, and plasma glutathione peroxidase.74

As a premier antioxidant, vitamin C appears to protect bone against oxidant-
mediated bone loss, particularly in current smokers. A large Swedish study found
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a three-fold increase in risk of hip fracture in current smokers with low intake of
vitamins C and E.75 Also vitamins C and E antioxidants were shown capable of
nearly eliminating the structural damage to bone caused by heparin administration.76

While the RDA for vitamin C is minimal at 75 to 90 mg, there is a great deal
of variation in individual biochemical need for this nutrient. Bleeding gums and
bruising without cause are likely signs of inadequate vitamin C nutrition. Doses
of 1000 to 3000 mg oral vitamin C generally correct these symptoms.

VITAMIN A

Deficiency of vitamin A limits calcium absorption, and results in a reduced
number of osteoclasts. One might therefore conclude that vitamin A always pro-
motes bone strength. This is not the case as presented by a landmark study in 1998.
A Swedish population study with postmenopausal women reported an association
between higher vitamin A intake and hip fracture risk.77 Three of four cohort stud-
ies on vitamin A exposure and fracture suggested excess vitamin A exposure to be
a risk factor for fracture.78 New and colleagues suggest the proposed detrimental
effect of vitamin A on bone could reflect a negative impact of oxidized fatty
acids.79 Overall, because the intake of vitamin A varies between countries and
between studies, it is not yet possible to define an intake threshold associated with
harm, although a recent Swedish fracture study among men suggests that serum
retinal levels greater than 86 �g/dl may increase the risk of fracture. Barker and
Blumsohn80 offer a comprehensive review of the vitamin A skeletal health studies.

VITAMIN K

The only known role of vitamin K within the body is that of the required coen-
zyme for the conversion glutamic acid into gamma-carboxlyglutamic acid (Gla).
Until the mid-1970s this coenzyme function was considered important only for
blood coagulation. Now it is known that the vitamin K dependent �-carboxylation
process is important for the formation and proper functioning of the bone protein
osteocalcin. If osteocalcin is properly carboxylated more mineral compounds are
bound on to bone. If osteocalcin is undercarboxylated, bone is weakened and
more susceptible to low trauma facture. Osteocalcin is the most studied Gla
protein and the major noncollagenous bone protein. 

Vitamin K deficiency prevents carboxylation of the Gla proteins, including
osteocalcin. Vitamin K supplementation reduces under-carboxylated osteocalcin
(ucOC), reduces urinary calcium excretion and decreases fracture risk. Several
population studies correlate low vitamin K intakes and high ucOC with higher
fracture rates. The large European EPIDOS Study found under-carboxylated
osteocalcin (the measure of vitamin K adequacy) to be a major independent risk
factor for hip fracture among healthy elderly women. Further, those women with
both low BMD and high ucOC had a 5.5 risk of hip fracture, as compared to those
with only low BMD or high ucOC levels.81 Data from the Framingham Heart
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Study revealed that those women and men in the highest quintile of vitamin K
intake (250 �g/d) had one third the risk of hip fracture as those in the lowest quin-
tile (75 �g/d). The Nurses Health Study (N � 72,732) also reported that the
women in the lowest quintile of vitamin K intake had an increased risk of hip frac-
ture. Equally, a study of elderly French institutionalized women found ucOC, but
not conventional calcium metabolism parameters, predicts the subsequent risk of
hip fracture.82 In support of this vitamin K fracture link, clinical research in England
found substantially depressed circulating levels of vitamin K1 in individuals who
had suffered osteoporotic fractures as compared to age-matched controls.83

To date there appears to be only one reported long-term clinical trial investi-
gating phylloquinone supplementation and bone mineral density. In this 3-year
study a dietary supplement containing 1 mg phylloquinone, calcium, and vitamin
D significantly reduced bone loss at the femoral neck in postmenopausal women
aged 50 to 60 years, compared to a placebo or a supplement containing just cal-
cium and vitamin D. No beneficial effect, however, was seen on lumbar BMD.84

It is possible, and has been previously suggested, that vitamin K reduces fracture
risk without substantially increasing BMD, as reviewed by Booth et al.85

Vitamin K is not a single nutrient, but the name given to a group of vitamins
of similar composition. The two main groups of vitamin K that occur naturally
are K1 (phylloquinone) and K2 (menaquinone). Vitamin K1 is found in vegeta-
bles (mostly green ones) and K2 is produced by bacteria in both fermented foods
and the intestinal tract. Approximately 50% of the daily requirement of vitamin
K is supplied by the gut flora, if in healthy balance. Hydrogenation of plant oils,
as discussed by Dr. Enig in her chapter on fats, appears to decrease the absorp-
tion and biological effect of vitamin K in bone. Vitamin K (menadione) in a
synthetic form is not recommended for supplemental use.

While the American consumption of vitamin K ranges between 56 and
250 �g/d, a recent study suggests that 1000 �g of phylloquinone daily is associ-
ated with optimal carboxylation of osteocalcin.86,87

B VITAMINS

Vitamin B12 is essential for proper functioning of osteoblast cells, and anemia
has been associated with osteoporosis. Most recently, vitamins B6, B12, and folic
acid have been added to the list of important bone-protecting nutrients because
of their role in the detoxification of homocysteine. The association between
homocysteine and bone strength is discussed by Dr. Lamb in the chapter on
osteoporosis.

ESSENTIAL FATTY ACIDS

As it appears, essential fatty acids (EFAs), particularly eicosapentanoic acid
(EPA), increase calcium absorption from the gut, in part by enhancing the effects
of vitamin D. In fact, vitamin D and the EFAs synergistically improve calcium
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absorption and balance. In EFA deficiency, the effect of vitamin D in stimulation
of calcium absorption and active calcium transport is greatly reduced, indicating
that EFAs are absolutely required for normal vitamin D effects. EFAs are also
known to influence the hydroxylation of vitamin D in the kidneys.88

EFAs also regulate and reduce urinary calcium excretion, possibly by reduc-
ing production of the inflammatory prostaglandins. EFAs have also been found to
increase calcium deposition in bone, not an unlikely finding given that bone cal-
cification has an absolute requirement for the presence of lipids in the form of
phospholipids. Finally, essential fatty acids also appear to improve bone strength,
possibly by fomenting collagen synthesis. EFA deficiency has been associated
with loss of normal synthesis of bone connective tissue matrix, loss of normal
cartilage and bone demineralization. The ratio of omega n-3 and n-6 fatty acids is
important for inflammation reduction, heart and bone health, and that our con-
temporary diet contains an abundance of n-6 fats and a scarcity of n-3 fats. A
recent study suggests that between 0.5 and 1 g/d of EPA plus DHA is an effective
dose for reducing cardiovascular disease.89 For bone, small human studies have
seen benefits on 2 to 4 g of fish oils, containing approximately 666 to 1333 mg
omega-3 fats. Increasing consumption of fish, fresh ground flax seed, and high-
quality cod liver oil and other fish oils are a practical, safe way of increasing
omega n-3 intake.

BASE-FORMING FOODS

Bone, and the hydration layer around bone, provides the only substantial reser-
voir of base available to titrate excess metabolic acids. For example, bone stores
99% of the body’s calcium, 80% of its carbonate and citrate, 53 to 80% of the
magnesium, and 35% of the sodium in various compounds. These buffering com-
pounds are available for rapid exchange with the general extracellular fluid
(ECF). The ECF of bone, for example, contains a potassium concentration 25
times that of general ECF, and thus is a major source from which the body can
draw potassium. It is now documented that these base compounds found in bone
provide a large reservoir of alkali readily available for the preservation of critical
pH homeostasis.63 Most explicitly, Bushinsky and colleagues have documented
the mechanisms by which calcium, sodium, and carbonate are lost from bone in
response to even a minor shift to a less alkaline pH. Also it is now clear that diet
can influence systemic pH. The typical Western diet carries with it an excess of
dietary acid precursors and a deficiency of base-precursors sufficient to cause a
condition of chronic, low-grade metabolic acidosis.29,90–92

Foods are acid-forming because in the process of their being metabolized free
hydrogen ions are generated. In general, meats, grains, sugar, flour, legumes, and
dairy are acid-forming. Base-precursor foods are those whose final metabolic end
products include a source of bicarbonate.93 In general, vegetables, fruits, spices,
nuts, and seeds are alkalinizing. This concept of biochemistry concerning the
metabolic effect of foods is confusing and not always as it might appear. For
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example, some base-forming foods are acidic by the pH litmus-paper testing used
in inorganic chemistry. Lemon is an example. Place litmus paper in lemon juice
and the pH reading is acidic, however, send it through the human biochemical
pathways and it emerges as bicarbonate-producing, metabolically base-forming
food. A sample listing of base- and acid-forming foods is provided in Table 25.3.

Adults who consume a Western diet generate approximately 1 milliequivalent
of acid/kg/d.92,94 The acid load reduces carbonate buffers, as a result pH drops and
low-grade metabolic acidosis ensues. Additional buffering is recruited from the
hydration shell around bone and then from bone crystal itself.95

A variety of population-based studies now document the association between
high intake of base-forming foods with bone mass, rates of bone loss, and frac-
ture incidence. A beneficial effect on bone mass of fruit and vegetable intake,
and the potassium and magnesium provided by these foods, has been shown in
premenopausal, perimenopausal, postmenopausal, elderly women, and girls.
Studies also indicated a similar beneficial effect for men.96,97 Further, a large
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TABLE 25.3
Potential renal acid load (PRAL) of selected foods

Food or food group PRAL (mEq/100 g Food or food group PRAL (mEq/100 g
edible portion) edible portion)

Fruit and fruit juices Dairy products and eggs
Apples –2.2 Milk (whole, pasteurized) 0.7
Bananas –5.5 Yogurt (whole milk, plain) 1.5
Grape juice –1.0 Cheddar cheese (reduced fat) 26.4
Lemon juice –2.5 Cottage cheese 8.7
Orange –2.7 Eggs (whole) 8.2

Vegetables Whey –1.6
Broccoli –1.2 Meat and fish
Carrots –4.9 Beef (lean only) 7.8
Potatoes –4.0 Chicken (meat only) 8.7
Onions –1.5 Pork (lean only) 7.9
Zucchini –4.6 Cod 7.1

Grain products: Salmon 9.4
Bread (white wheat) 3.7 Beverages
Cornflakes 6.0 Beer (draft) –0.2
Rice (white) 4.6 Mineral water (Apollinaris) –1.8
Spaghetti (white) 6.5 Red wine –2.4
Wheat flour 8.2 White wine (dry) –1.2

Notes:

1. Food with a negative value (mEq/100 g) exerts a base effect.
2. Food with a positive value (mEq/100 g) exerts an acid effect.
3. Calculations by Remer and Manz.93 Copyright Institute for Prevention and Nutrition, D-85737

Ismaning.

DK6006_C025.qxd  11/15/2005  12:23 PM  Page 460



cross-cultural survey by Frassetto and colleagues found that the worldwide
incidence of hip fracture varied directly with total protein and animal protein
intake and inversely with vegetable protein intake. Those countries in the lowest
third of hip fracture incidence had the lowest animal protein consumption and
invariably the vegetable protein consumption exceeded the country’s correspond-
ing intake of animal protein.23

Double blind, placebo-controlled research shows that the increased urinary
calcium loss and bone resorption caused by high sodium intake is reversible with
potassium bicarbonate supplementation (90 mmol/d), the amount equivalent to
seven or eight servings of potassium-rich fruits and vegetables. Net endogenous
acid load was also neutralized on this amount of potassium citrate.98 The DASH
Intervention Trial found that simply increasing fruits and vegetables from 3.6 to
9.5 servings a day decreased urinary calcium excretion from 157 to 110 mg/d.99

In a small intervention study Sebastian and colleagues29 found that potassium
promotes renal calcium retention. The administration of enough potassium bicar-
bonate to neutralize net endogenous acid loads resulted in improved calcium and
phosphorus balance, increased serum osteocalcin (a marker of bone formation),
and decreased urinary hydroxyproline (a marker of bone resorption).

Even though controlled clinical trials on the bone-enhancing effects of a diet
high in fruits and vegetables are yet to be conducted, a large body of research
documents the multifaceted health benefits of these food groups. Clinically, at a
minimum, it is prudent to encourage a consumption of fruits and vegetables equal
to that used in the DASH Intervention Trial, that is, 9.5 servings daily. This would
provide for a total potassium intake near the current AI of 4700 mg potassium per
day. It is additionally recommended to consume enough alkaline-forming food-
stuffs to neutralize the individual’s net endogenous acid production.

Net acid load can be approximated by measuring the pH of an “equilibrated
urine,” that is the first morning urine after at least 6 h sleep. This method was devel-
oped by Dr. Russell Jaffe63 and verified by Whiting et al.100 By this system a first
morning urine pH reading of 6.5 to 7.5 suggests a favorable slightly alkaline pH
tissue balance. Readings lower than 6.5 indicate low-grade metabolic acidosis.
Consistent readings of 7.5 or above again suggest metabolic acidosis, but now from
a catabolic state with associated tissue breakdown accompanied by the use of
ammonia as a strong buffer. For an extended discussion you are referred to Brown
and Jaffe.63 An informative home urine pH test kit is available as per below.*

PHYTOESTROGENS

Phytoestrogen compounds are found in more than 300 plants and mimic
estrogens in selected ways. The main phytoestrogens include isoflavones (as
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genistein, diadzein, and quercetin), coumestans, and lignans. The category of
foods containing plant compounds known as phytoestrogens, and the isolated
phytoestrogens themselves, are often suggested to promote bone health.

Because of their estrogen-like phenolic ring structure phytoestrogens may act
as estrogen agonists or antagonists. Given this estrogen-like structure, and the
lower fracture incidence among Asian populations consuming diets high in soy
isoflavones, the soy isoflavones (genistein and diadzein) have been widely studied.
Their mechanisms of action have been explored, dietary intake levels correlated
with BMD and intervention studies conducted with conflicting results.

Some studies report isoflavones exert a minimal effect of slowing bone loss,
but few have reported any gains in BMD. In one early study, pharmacological
doses of 90 mg soy isoflavones (levels well exceeding Asian dietary intake)
slightly increased spinal bone density, but not hip or total density, in post-
menopausal women.101 The largest, most controlled, and most recent inter-
vention study found no benefits to the bone density of the spine or hip of
postmenopausal women from supplementation with soy protein containing
99 mg isoflavones.102

As a word of caution it should be noted that super-dietary levels of isoflavone
supplementation may carry important risks. Selected cell, animal and human
studies document that isoflavone (as genistein) metabolites can act as an estrogen
and play a role in tumor initiation and cell proliferation within estrogen-sensitive
organs, particularly the breast. Moderate use of soy foods, particularly fermented
soy foods as used in the Orient, seems prudent, while the safety of high-dose
isoflavone supplements is unclear.

Ipriflavone is a synthetic isoflavone developed in Hungary from a research
project looking for essential growth factors in animals. Between 1989 and 2000
there were reported 31 human clinical studies on ipriflavone and bone, conducted
mainly in Italy and Japan.103,104 The largest controlled intervention trial did not
find ipriflavone (200 mg, thrice a day) to improve bone density or reduce fracture
risk.105 Since 12% of the 234 women using ipriflavone developed lymphopenia,
compared to one woman among 240 in the control group, women using ipri-
flavone should be monitored for WBC changes and those with lymphopenia
should not use this compound.

WATER

Water is a nutrient upon which the body is totally dependent. By weight water
comprises 60 to 70% of the body, and 25% of bone. In his chapter on water,
Dr. Batmanghelidj offers additional perspective. Water insufficiency, he suggests,
leads to histamine activated stimulation of PGE with increased PGE2 activity and
increased bone resorption. As calcium is removed from the bone, collagen is
exposed and made vulnerable for breakdown. Water reduces acidity and may also
generate a form of hydroelectric energy across the cell membrane.
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ANTINUTRIENTS

SALT (NACL)

The movement of calcium and sodium through the renal tubules are intimately
linked and a direct relationship exists between urinary sodium and calcium
excretion. A high NaCl intake is considered deleterious to bone health by most,
but not all authorities,106 although some individuals show more pronounced
effects than others.

It is estimated that on average, for every 500 mg increment in sodium intake,
there is a 10 mg increase in urinary calcium loss. Given an average 25% calcium
absorption rate, calcium intake must be raised 40 mg to compensate for a 500 mg
increment in salt intake to compensate for calcium lost in the urine. High salt
intake has been associated with reduced peak bone mass in children and a higher
rate of bone mineral loss in postmenopausal women. Further, a study of post-
menopausal women found an increasingly negative change in hip bone density
with higher levels of urinary sodium (which can be equated with sodium intake).
No bone loss occurred at the total hip site on a calcium intake of 1768 mg/d
(44 nmol/d) or a urine sodium excretion of 2110 mg/d (92 nmol/d).107 Reducing
excessively high sodium intake appears to be an effective means of decreasing
calcium loss, and thus calcium need, in both children and adults.

In the United States, salt intake averages 4000 to 4500 mg/d, but a more
moderate intake of 2400 mg (one teaspoon or less) is generally recommended,
particularly if the diet provides less than the AI for potassium as does the
standard American diet.

CAFFEINE

Caffeine is a diuretic and stimulant that causes a short-term increase in urine cal-
cium excretion and is linked by some studies, but not all, to increased bone min-
eral loss and susceptibility to fracture. The urinary loss of calcium from moderate
caffeine consumption is generally held to be minor and easily compensated for by
an increase in calcium intake. The negative impact of caffeine on calcium balance
is more significant for those with low calcium intakes and high caffeine con-
sumption. A study of postmenopausal women reported that consumption of two
or more cups of coffee per day was associated with a lower bone mass in those
who did not drink milk on a daily basis.108 Further, a recent prospective study of
elderly U.S. women reported that those who consumed 300 mg caffeine per day
(equivalent to three 6-ounce cups of coffee) had a significantly higher rate of bone
loss in the spine than those in the low-caffeine group.109 Coffee consumption
greater than two cups a day has also been associated with greater risk of hip
fracture in elderly women.110 Danish researchers report that coffee in excess of
four cups a day could induce an extra urinary loss of 64 mg calcium per day.111

Since only 25% of calcium is absorbed, an additional 256 mg/d of calcium would
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be needed to compensate for the caffeine-induced losses. Caffeine’s potential to
cause loss of other nutrients, or its contribution to chronic low-grade metabolic
acidosis, has not been addressed.

ALCOHOL

High alcohol intake and alcoholism have long been identified as toxic to bone
and associated with greatly increased fracture risk.69 Moderate alcohol intake,
however, does not appear to carry such risks and may benefit bone density.

SOFT DRINKS AND SODAS

Soft drinks consumption among U.S. children has increased from 5 to 12 fluid
ounces per day between 1978 and 1998. Sodas increasingly replace water and
nutrient dense beverages such as milk and juice. Caffeine, phosphoric acid, and
sugar (and potentially artificial sweeteners) often contained in these beverages are
adverse to bone health. With such a broad-sweeping public health topic focused
on the nation’s youth, one might expect that extensive research has been con-
ducted. Yet, research is scant! A study of 14-year-old boys and girls reported a
strong association between cola beverage consumption and bone fractures in girls
(OR 3.59), but not in boys. In the same study, high dietary calcium consumption
was protective of fractures.112 In girls who consume soft drinks, a low calcium
diet increases parathyroid hormone secretion, decreases bone mass, and increases
fracture risk.112–114 A study of Mexican children found a significant inverse corre-
lation between soft drink consumption and serum calcium level.115 Underlying
causes for soft drinks’ adverse effects include increased urine calcium loss from
the associated caffeine and sugar; the additional acid load from the phosphoric
acid components of colas and selected other soft drinks; and the displacement of
water and more nutritious beverages from the diet.

MINERAL TOXINS

Heavy metals including mercury, cadmium, aluminum, and tin are human toxins
commonly found as contaminants in the food and water of industrialized coun-
tries. Each has the potential to damage bone. See the chapter on xenobiotics by
Dr. Jaffe.

Lead inhibits activation of vitamin D, limits calcium uptake, disrupts calcium-
dependent signaling, and is directly toxic to osteoblasts and osteoclasts.116 Bone
is a repository for 90 to 95% of the lead in the body, where it displaces calcium.
Thus, accelerated bone loss is accompanied by a release of lead into the blood.
Several studies on American women have shown a significant increase in blood
lead levels among all women during menopause as a result of bone breakdown
freeing stored lead.78,116,117 Animal studies suggest that high lead levels may
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distort BMD measurements. If this were shown to be true for humans it would be
necessary to consider bone lead content when assessing bone density.116

Cadmium has a damaging effect on the kidneys and alters calcium metabo-
lism. This toxic mineral can be found in pesticides, in the soil and air around
cities and industrialized areas, in landfills, and in cigarette smoke.

Aluminum interferes with the mineralization process and modifies collagen
production and bone formation in addition to lessening calcium resorption. Even
small quantities of aluminum such as from aluminum-containing antacids can
lead to negative calcium balance.118 Major sources of aluminum exposure include
aluminum-containing antacids, aluminum cookware and foil, tin cans, baking
powder, food additives, soft water, and aluminum-containing antiperspirants, etc.

TOBACCO

Tobacco use, whether ingested orally or smoked, is detrimental to bones in
many ways and its use is associated with the development of osteoporosis, bone
fracture, and tooth loss.119–122

SUMMARY CLINICAL GUIDELINES

• Encourage wholesome eating patterns, but keep in mind that nutri-
tional supplementation is most often needed to assure adequate levels
of all key bone nutrients.

• High-dose supplementation with a single nutrient such as calcium can
be detrimental to the absorption of other minerals.

• Encourage daily consumption of 9 to 12 servings of fruits and vegeta-
bles to protect against bone erosion from chronic low-grade metabolic
acidosis.

• Insure adequate protein consumption at the RDA level or somewhat
above.

• If inadequate sunlight exposure is likely, start patients with 1000 IU
of natural vitamin D3 and test the 25(OH)D level after 1 month of
vitamin D3 use. Increase vitamin D supplementation in accordance
with the test results, until nearing the high end of the normal range.
This is reviewed by Dr. Holick.

• Consider the use of nutrient testing when nutrient status is question-
able or the bone-building program ineffective. Useful tests include
the D-penicillamine provocation test, RBC panels, and functional
tests.

• The frail elderly are those at highest risk for fracture and those
with lowest nutrient intakes. Increasing calories, protein, vitamin D,
vitamins, and minerals reduces fracture risk and enhances fracture
recovery among this population.
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• Avoid bone antinutrients such as soft drinks, tobacco, excessive
alcohol, excessive vitamin A, and exposure to toxic metals.

• A bone nutrition program is best implemented in conjunction with
exercise and fall prevention program as discussed in the chapters on
fractures and osteoporosis.
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Editor’s Note

Osteoporosis often lies undetected until severe bone loss is revealed by a fracture.
Many medications and medical conditions predictably compromise bone density
and strength. Clinicians familiar with the pathophysiology of osteoporosis, the
lifestyle-related risk factors, and the consequences of medical therapeutics can
offer patients prevention and early treatment of a formerly silent disease.

Osteoporosis

Joseph J. Lamb, M.D.
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OSTEOPOROSIS — A SILENT DISEASE

Osteoporosis, literally “porous bone,” is a reduction in the mass and quality of
bone or is the presence of a fragility fracture. Osteoporosis is:

• the most common of all bone diseases in adults affecting 50% of
women and 33% of men during their lifetimes.

• A disease that results in high morbidity and even mortality. One year
mortality after hip fracture can be as high as 12 to 20% and up to half
of survivors require long-term nursing care.

• Preventable. Appropriate lifestyle choices and risk factor modification
can prevent the development of osteoporosis in identified at-risk
patients.

• Diagnosable. The early stages of bone loss known as osteopenia
can be diagnosed and the progression to frank osteoporosis can be
prevented.

These hard facts beg the question of why osteoporosis remains a silent disease.
Osteoporosis is currently a profound individual health challenge for many women
and men and will be a profound societal health challenge for the next generation.
Our patients’ lifestyle choices regarding diet, exercise, and nutritional supplemen-
tation certainly play a role in their predisposition to osteoporosis. Additionally,
health insurers’ failure to reimburse for DEXA screening certainly compromises
screening efforts. Yet, we must also be aware of our role in educating patients
regarding lifestyle, identifying early primary osteoporosis, and strongly pursing
the causes of secondary osteoporosis if we are to intervene in this modifiable
health risk.

Some have considered the first fracture “a lucky break” as it creates an oppor-
tunity to treat osteoporosis. Unfortunately, once lost, bone mineral density
(BMD) is very difficult to replace. Primary osteoporosis causes a slow bone loss
of approximately 2% per year.1 Secondary osteoporosis, on the other hand, has a
much faster rate of loss; up to 8% in the spine and 5% in the hip per year. This
rate of loss is very similar to that of early menopause.2

NEW DEFINITIONS FOR NEW UNDERSTANDINGS
OF THE DISEASE PROCESS

Mild bone loss or osteopenia has been defined as a reduction in bone density to
levels between 1.0 and 2.5 standard deviations below the mean average of a
healthy young population. More severe bone loss or osteoporosis has been
defined as a bone density less than 2.5 standard deviations below the mean. This
definition acknowledges only the quality of mineralization in evaluating bone
health. The now current National Institute of Health consensus on osteoporosis
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defines osteoporosis as a decrease in bone strength creating a predisposition to a
fragility fracture. Both bone density and bone quality are key determinants of
bone strength.3 While a patient’s bone density can be assessed with diagnostic
imaging, bone quality assessment remains problematic.

Primary osteoporosis has generally been viewed as the general decline in
bone mass in women associated with aging and has been considered a natural
consequence of aging. Secondary osteoporosis has been conventionally defined
in the allopathic field of medicine as the development of osteoporosis because of
a primary illness or as a side effect of a medication used to treat an illness. The
causes of secondary osteoporosis are myriad. Even the broad categories are many.
In broad allopathic terms, etiologies we need to consider include endocrine, nutri-
tional and gastrointestinal, rheumatologic, hematologic and oncologic, genetic
predispositions, drug induced, and a miscellaneous category (see Table 26.1).

It is now recognized that primary osteoporosis actually affects both men
and women and may not be a natural consequence of aging. Instead, many of the
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TABLE 26.1
Causes of secondary osteoporosis (bone loss with etiologies other than
aging)

Etiologic categories Secondary causes

Endocrine Hyperparathyroidism; thyrotoxicosis; insulin-dependent diabetes
mellitus; acromegaly; hyperprolactinemia; Cushing’s 
syndrome; perimenopause/menopause and other estrogen 
deficiency states including prolonged hypothalamic amenorrhea 
and anorexia nervosa; pregnancy and lactation

Nutritional and Leanness, low calcium intake secondary to malnutrition; parenteral 
gastrointestinal nutrition; gastric or small bowel resection; maladsorption

syndromes; end-stage liver disease including biliary cirrhosis
Rheumatological Rheumatoid arthritis and ankylosing spondylitis
Hematologic and oncologic Pernicious anemia; multiple myeloma; lymphomas and leukemias;

malignancy associated parathyroid hormone production;
mastocytosis; hemophilia; thalassemia

Genetic predispositions Caucasian or Asian race; positive family history; inherited
hypogondal states (Turner’s and Klinefelter’s syndromes); other
inherited states (osteogenesis imperfecta, Marfan’s syndrome,
hemochromatosis, hypophosphatasia, glycogen storage disease,
homocystinuria, Ehlers–Danos syndrome, and porphyria)

Drug induced Excessive thyroxine, glucocorticoids, anticonvulsants, heparin,
lithium, cyclosporine, aluminum, cytotoxic drugs, proton pump
inhibitors, and gonadotrophin releasing hormone agonists

Miscellaneous Short stature and short bones; immobilization; chronic obstructive
pulmonary disease; scoliosis; multiple sclerosis; sarcoidosis;
amyloidosis; endogenous stress response
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traditionally labeled modifiable risk factors including cigarette smoking, failure
to exercise, poor nutrition, alcohol abuse, and loss of muscle mass with aging are
consequences of lifestyle choices interacting with predisposing antecedents and
as such are causes of secondary osteoporosis. Individuals who have made these
choices or have a genetic predisposition may also suffer with secondary condi-
tions that are associated with decreased bone mineralization or increased bone
loss resulting in a mixed picture of primary and secondary osteoporosis.

PHYSIOLOGY

An important part of understanding the development of osteoporosis is to under-
stand the factors involved in the formation of healthy bone. Bone is a vibrant,
metabolically active tissue providing the structural framework necessary for
strength and mobility while also acting as a mineral reservoir for basic bio-
chemistry. The average life expectancy of an osteoclast is just 12 days before
death by apoptosis. Osteoblasts have a broader range of life expectancy lasting
from just a few days up to 100. A significant minority of osteoblasts transforms
into osteocytes and bone lining cells while the majority die by apoptosis.

The outer compartment is the dense cortical or compact bone that provides
much of bone’s inherent strength. The interior compartment is trabecular or can-
cellous bone, which is highly cellular and is interlaced with bone marrow.4

Bone quality is a measure of the functional status of the nonmineral com-
ponent of bone. This component, also called the organic matrix, is composed
primarily of collagen fibers with a 5 to 10% mix of proteoglycans (chondroitin
sulfate and hyaluronic acid) and a variety of proteins.5 This matrix is the substrate
for the deposition of calcium and phosphorus. Once mineralized, it is the frame-
work of strong healthy bones. Disruption of the organic matrix marked by
changes in the type I collagen matrix and alterations in cross-linking between
collagen fibers is one of the causes of osteoporosis.6

Bone density is a function of the adequacy of mineralization and is regu-
lated primarily by the activity of three cell types — osteoblasts, osteoclasts,
and osteocytes. Osteoblasts differentiate from stromal cell precursors in bone
marrow. The primary function of osteoblasts is to secrete the organic matrix.
Many growth factors influence osteoblast formation including insulin-like
growth factors (IGFs), fibroblast growth factors, and transforming growth fac-
tors. Core binding Factor A1 (CBfA1) is a transcription factor expressed in
osteoblast progenitors and stromal support cells that has been shown to be impor-
tant in the control of osteoblast development. It regulates the expression of
several osteoblast-specific genes including type 1 collagen, receptor-activator of
NFKappaB (RANK) ligand also called osteoclast differentiation factor, osteocal-
cin, osteopontin, and bone sialoprotein. Osteoblasts, through secretion of RANK
ligand (RANKL), actually promote differentiation and maturation of osteoclasts.
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Interestingly, osteoblasts secrete osteoprotegerin, also called osteoclastogenesis
inhibitory factor, which binds RANKL and acts as a receptor decoy to inhibit
differentiation of osteoclasts.7

The osteoclasts are multinucleated cells derived from hematopoietic stem
cells in the bone marrow, and are the primary agents of bone resorption. Stromal
support cells secrete macrophage colony stimulating factor and RANKL to pro-
mote osteoclast differentiation and maturation. Locally produced growth factors
and cytokines including gamma interferon, interleukins 1, 6, and 11 (IL-1, IL-6,
IL-11), and tumor necrosis factor (TNF) play an important role in this maturation
process by stimulating secretion of RANKL.

Mature osteocytes direct bone remodeling by sensing the mechanical forces
exerted on bone by physical activity. Osteocytes also monitor the health of bone
and can identify dysfunctional bone that is in need of repair. Exactly how osteo-
cytes, osteoblasts, and osteoclasts communicate is not entirely defined, but as the
multiplicity of locally active messenger molecules suggests bone formation is
most responsive to local influences and to a lesser degree systemic influences.
Systemic control is exerted by the influence of both parathyroid hormone (PTH)
and 1,25-dehydroxy-vitamin D3 directly on osteoclastic activity to maintain
appropriate serum calcium and phosphorus levels.

Estrogen is another systemic influence on bone metabolism. Estrogen defi-
ciency increases bone remodeling intensity, which exacerbates propensity to
bone resorption in functionally challenged bone and certainly contributes to
the development of primary osteoporosis in perimenopausal women. Though
some experimental evidence reveals direct effects of serum levels of DHEA on
cortical BMD and free testosterone on trabecular BMD,8 other studies have
demonstrated intracellular activity of aromatases converting DHEA to estrone9

and postulated the primary role of estrogen rather than androgens in bone
regulation.10

This interaction of cells communicating by growth factors and cytokines is
the healthy norm of bone metabolism. Osteoporosis is the pathophysiologic dis-
turbance of this process. Indeed, calcium insufficiency alone results in a different
pathological process called osteomalacia. Thus, osteoporosis is characterized by
derangements of mineral metabolism, of the healthy cellular matrix, and of cell-
to-cell messaging of osteoblasts, osteocytes, and osteoclasts.

PATHOPHYSIOLOGY

As we explore the pathophysiology of osteoporosis, we find that underlying
mechanisms rather than broad organ system classifications may cast more light
on the underlying causes of osteoporosis. These broad mechanistic categories
include diminished achievement of peak bone mass, decreased mineral availabil-
ity, decreased osteoblast activity, increased osteoclast activity, abnormal protein
metabolism, and systemic inflammation.
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The discussion of pathophysiology of osteoporosis is dependent on knowing
the particulars of an individual’s health status as certain conditions may be con-
sidered either primary and secondary or both. In a postmenopausal woman, estro-
gen deficiency is the consequence of ovarian failure and may certainly be
considered primary, but in an adolescent girl receiving a GnRH agonist as con-
traception or a premenopausal woman receiving chemotherapy for breast cancer,
one would certainly consider their estrogen deficiency to be a secondary cause of
osteoporosis. Complicating the task of separating etiologies into pathological cat-
egories is that many disease entities have broad effects and influence multiple
pathophysiologic pathways. Cushing’s syndrome, though thought to primarily
inhibit osteoblast activity, has diverse effects also including impairment of matrix
development, impairment of bone mineralization, growth factor disturbances, and
increased osteocyte apoptosis.2

DECREASED PEAK BONE MASS

Before adulthood, bone forms by two separate mechanisms. Endochondral bone
formation, typically involving the epiphysial growth plates, is the restructuring
and replacing of previously calcified cartilage. Intermembranous bone formation,
as occurs in skull bones, is de novo development without a calcified matrix.6

Modeling is the creation of new bone during growth and development through
adolescence, which culminates in the achievement of peak bone mass and the
characteristic and optimal shape and structure. After adolescence, endochondral
formation ceases. Peak bone mass must be achieved during adolescence or future
BMD will be compromised as even relatively small incremental losses will have
a proportionately greater affect on a lower peak bone mass.

Despite radioisotope studies that have demonstrated that 18% of calcium in
bone turnovers per year — a good marker for the persistent metabolic activity in
bone postadolescence — bone remodeling is a much slower process in adulthood.
Remodeling is the maintenance of homeostasis as metabolic activity repairs
microdamage within the skeleton, maintains skeletal strength, and supplies
calcium to maintain serum levels. Specific associations include:

• Adolescent eating disorders, including both anorexia and bulimia, are
conditions associated with failure to achieve peak bone mass. In addi-
tion to decreased mineral and protein availability because of insufficient
intake, contributing factors to osteoporosis include secondary estro-
gen deficiency, secondary hyperparathyroidism, increased endogenous
steroid production, and low levels of growth factors including IGF.
Special attention to these metabolic consequences is required as stud-
ies do not demonstrate a full return to normal BMD after resolution of
anorexia even during adolescence.11

• Use of Depo-Provera as contraception produces estrogen deficiency.
In adolescents who are anorexic or on Depo-Provera, the primary
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bone effect is failure to achieve expected peak bone mass.11 With
calcium supplementation in adolescents, some of potential loss, but
apparently not all, can be ameliorated.

• Lead intoxication. A study in children with high lead exposure
revealed significantly increased bone mineral density compared to
normal controls. Despite the potential for heavy metals creating a false
negative result in DEXA scanning because of x-ray absorption by lead
and not calcium, the investigators postulated that lead exposure may
actually accelerate boney maturation by inhibition of PTH. However,
they went on to conclude that the accelerated rate of bone maturation
results in a shorter period to accomplish mineralization and growth
with a resultant decreased peak bone mass.12

DECREASED MINERAL AVAILABILITY

Conditions that decrease mineral uptake from the gastrointestinal tract include:

• Malabsorption syndromes. Primary biliary cirrhosis with its resultant
underlying fat malabsorption has been shown to contribute to insuffi-
ciencies of fat-soluble vitamins, specifically vitamin D and vitamin K.13

Celiac disease, once thought to be quite rare, is diagnosed with
increasing frequency. An ongoing inflammatory process secondary to
an allergy to gluten containing grains, including wheat, rye, oats,
kamut, spelt, and barley, results in marked mineral and calorie malab-
sorption. Indeed, one study revealed that 12% of menopausal women
actually have antigliaden antibodies suggestive of asymptomatic
celiac disease. Food intolerances mediated by IgG food allergies
create a similar clinical presentation.

• Bariatric surgery. Surgical treatment for obesity has been associated
with the development of osteoporosis in the postoperative period.
Several factors are likely involved. Primarily, malabsorption plays a
critical role with malabsorption of calcium, magnesium, protein, fat-
soluble vitamins including vitamin D, B12, folic acid all being reported.
Additionally, secretion of stomach acid may be decreased, which con-
tributes to the malabsorption of calcium. Given that obesity is actually
protective against osteoporosis, correction may unmask an indolent
predilection toward osteoporosis. Studies have demonstrated a greater
decrease in BMD in surgically treated obesity compared to medically
treated obesity though the overall weight loss in the surgical patients
has been greater.14

• Generalized malnutrition.
• Gastric hypoacidity because of atrophy, proton pump inhibitors, and

H2 blockers. Calcium must be ionized to be optimally absorbed and
ionization of calcium requires an acidic environment. Reduced gastric
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acidity contributes to the failure to ionize calcium in the small intestine
and decreases the bioavailability of calcium. Calcium carbonate is
much more vulnerable to being malabsorbed as opposed to other
forms of calcium including citrate, lactate, and gluconate as it is not
already ionized. Acid deficiency has been shown to contribute to
decreased protein and vitamin B12 absorption as well. Forty percent of
postmenopausal women have been shown to be acid deficient.1

Advancing age combined with the growing use of H2 blockers and
proton pump inhibitors now available over the counter for dyspepsia
contribute to the magnitude of the problem.

Other conditions increase excretion of minerals, including high sodium diets,
caffeine, high protein diets (although they also contain high amounts of calcium),
and carbonated soft drink consumption (see Chapter 25).

DECREASED OSTEOBLAST ACTIVITY

Conditions that decrease osteoblast activity resulting in less bone formation
include:

• Diabetes mellitus. Type I diabetes mellitus (DM) has been implicated
as a cause of osteoporosis, but the relationship is controversial. One
proposed mechanism is decreased levels of insulin and IGF-1, which
are important trophic factors for osteoblasts. Another possible mecha-
nism is increased renal losses secondary to osmotic diuresis. Reports
on osteoporosis in type II DM are inconsistent. Given the rapidly
increasing prevalence of DM in our population, surveillance for osteo-
porosis in diabetics may be of great importance.11

• Tobacco abuse. Cigarette smoking has been associated with osteoporo-
sis. Tobacco has direct toxic effects on osteoblasts and also acts indi-
rectly by modifying estrogen metabolism. Cigarette smokers on
average reach menopause approximately 1 to 2 years earlier than non-
smokers. Tobacco abuse also increase overall illness and general frailty
by decreasing exercise capacity and increasing the possible need for
corticosteroid treatment of chronic obstructive pulmonary disease.15

• Alcohol abuse. Excessive alcohol has been shown to decrease
osteoblast activity. And yet several studies have shown that moderate
consumption has positive impact on bone health.16 Higher consump-
tion, especially in men, however, increased the rate of fracture, per-
haps related to increased falls or nutritional compromise related to
alcohol abuse. One drink per day for women and two drinks per day
for men is a safe upper limit for consumption.

• Corticosteroid excess, whether exogenous or endogenous. Cushing’s
syndrome and corticosteroid excess have many deleterious effects on
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healthy bone including principally an effect of decreasing osteoblast
activity.17 The profound effect of steroid excess is demonstrated by
noting that it is the most common cause of secondary osteoporosis
and is second only to menopause as a cause of overall osteoporosis.
Fifty percent of patients on chronic corticosteroid administration for
6 months or longer develop osteoporosis. In fact, a daily dose of 2.5
to 5.0 mg of prednisone may be sufficient to cause osteoporosis.2

Cushing’s disease (endogenous corticosteroid excess) has been associ-
ated with rapidly progressive coxarthropathy associated with avascular
necrosis and osteoporosis of the femoral head.18 The onset of duration
from diagnosis of Cushing’s disease to diagnosis of osteonecrosis has
varied from 8 months to 11 years in one small study.19 However, the
diagnosis of osteoporosis has also been presenting symptoms of
Cushing’s disease. Persistent physical and psychological stress can
induce endogenous corticosteroid excess and increase BMD losses.

INCREASED OSTEOCLAST ACTIVITY

The following contribute to an increase in osteoclastic activity:

• Hyperparathyroidism predominately favors osteoclastic activity as a
result of PTH’s predominate effect of increasing mobilization of
calcium. The primary effect of PTH is to maintain calcium and phos-
phorus in a narrow physiologic range. It does so by increasing activa-
tion of 25-hydroxy vitamin D3 to 1.25-dehydroxy vitamin D3 to
increase serum calcium levels through increased absorption of cal-
cium and by increasing bone resorption via increased osteoclast func-
tion. Secondary hyperparathyroidism is the response to any tendency
to a lowered serum calcium level by an immediate increase in PTH
levels and increased bone resorption. Lowered mineral availability
because of calcium maladsorption, increased renal losses, or poor
nutrition will induce a state of secondary osteoporosis. Chronic expo-
sure to elevated levels results in increased osteoclast activity and
osteoporosis. Interestingly, intermittent exposure to PTH actually
leads to increases in BMD by favoring formation over resorption.20

• Calcineurin inhibitors, a class of immune suppressants used in transplant
patients, directly increase osteoclast activity resulting in resorption.

• Postmenopausal estrogen deficiency and other hypogondal states,
both primary and secondary. Estrogen deficiency increases the popu-
lation of pre-B cells, a subset of bone marrow stromal cells, which in
turn increase production of IL-1 and TNF. These cytokines induce
cyclo-oxygenase 2 activity increasing prostaglandin E2 production
by osteoblasts and subsequent increase in RANKL expression and
resultant osteoclastogenesis.21 Androgen effects on bone appear to be
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mediated by their aromatization to estrone. Many cancer therapies for
breast, ovarian, and prostate cancer patients produce hypogonadal
states. Treatment modalities for women include cytotoxic chemother-
apy, oopherectomy, and radiation therapy to the ovaries. Tamoxifen
has been shown to produce osteoporosis in premenopausal women.
And obviously both aromatase inhibitors and GnRH agonists produce
estrogen deficiency. In men, treatments include cytotoxic chemother-
apies, orchiectomy, as well as antiandrogens and GNRH agonists.
Estrogen levels approach the immeasurable in men after these proce-
dures. Estrogen deficiency may also be associated with the genetic
hypogonadal states such as Turner’s syndrome and Klinefelter’s
syndrome.

• Heparin, a potent anticoagulant, stimulates both osteoclastic bone
resorption as well as suppressing osteoblastic activity. Heparin doses
of 15,000 units or greater daily for 6 months have been shown to
induce osteoporosis.11 Evidence regarding the osteoporotic effect of
low molecular weight heparin is mixed with animal studies demon-
strating greater safety than standard heparin yet one case has been
reported of vertebral osteoporosis after 3 months of use.

• Inactivity, immobilization, and sarcopenia. Mature osteocytes by sens-
ing the mechanical forces exerted on bone by physical activity directly
influence bone remodeling. Recent evidence suggests that the osteo-
cytes are uniquely positioned to detect areas of damaged or weakened
bone that are in need of remodeling. Any condition that decreases these
forces will have a negative impact on bone strength. Physical immobi-
lization after trauma including fractures, cerebrovascular accident, or
because of polio or multiple sclerosis has been associated with osteo-
porosis. A reduction in compressive mechanical forces because of
immobilization reduces the canalicular fluid flow in bone with resultant
osteocyte hypoxemia and death leading to increased osteoclast activity.2

In spinal cord injury patients, the majority of losses occurs during the
first year, but losses can continue for up to 15 years. The amount of loss
related to immobilization can be quite impressive as studies of micro-
gravity during space flight have demonstrated a 2% loss per month.

• Hyperthyroidism is associated with both increased osteoblastic and
osteoclastic activities. Resorption is favored overall, however, as
increased formation cannot keep pace with increased resorption.
Treatment of thyrotoxicosis has been shown to increase bone density,
but has not restored BMD to healthy norms. The effect of exogenous
subclinical hyperthyroidism on BMD in women is unclear with mixed
reports of normal and decreased BMD.11 However, a small uncon-
trolled case series following women treated for thyroid hormone
resistance with the development of exogenous subclinical hyperthy-
roidism manifested by modest suppression of TSH has revealed
increased BMD with supplementation.22
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• Cadmium intoxication. Low levels of chronic cadmium intoxication
have been associated with the development of osteoporosis,23 charac-
terized by increased osteoclast activity.

IMPAIRED PROTEIN METABOLISM

The following conditions affecting protein metabolism have a very important role
in the pathogenesis of osteoporosis as well:

• Cushing’s syndrome whether primary or secondary to exogenous
long-term administration of glucocorticoids can cause decreased
deposition of protein throughout the body in addition to increasing
protein catabolism. Though corticosteroid administration has pro-
found effects on protein catabolism and likely alters protein substrate
in the matrix and ground substance, this is not the primary effect of
corticosteroids on osteoporosis.

• Increasing age is marked by decreasing levels of growth hormones
and decreased protein anabolic activity.

• Deficiency of vitamin C, which is necessary for secretion of intercel-
lular protein, interferes with formation of the matrix by osteoblasts.24

• Homocysteine has been shown to be elevated in the elderly and has a
postulated role in the development of osteoporosis by interfering with
the cross-linking of collagen in the organic matrix of bone. Indeed, folic
acids levels have been found to be lower in women with osteoporosis
compared to women with normal bone density. Folic acid, vitamin B12,
and vitamin B6 are crucial nutrients in folic acid cycle metabolism and
the formation of S-adenosyl methionine. Supplementation has been
shown to reduce homocysteine levels, but has not yet been shown to
increase bone density.

• Lead intoxication. Osteocalcins in the matrix bind lead preferentially
to calcium with a resultant decrease in calcium binding opportunities
and subsequent failure to bind hydroxyapatite. This decreases bone
formation with the direct effect of lowering BMD.25 Lead levels also
increase by 25 to 30% in postmenopausal women with osteoporosis,26

contributing to lead toxicity and resultant illnesses late in life.
• Warfarin. Vitamin K is a necessary cofactor for the conversion of inac-

tivated osteocalcin to its active integral form in binding calcium to the
organic matrix.1 Warfarin, an oral anticoagulant, reduces vitamin K
levels systemically. Though warfarin has inhibited bone formation
in vitro, no clinical reports have been made.11

INFLAMMATION

Given the role of inflammatory messengers and cytokines in the cell-to-cell com-
munication vital to the balanced remodeling process, it is clear that systemic
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inflammatory diseases with resultant increases in proinflammatory messengers
have direct effects on bone ultimately resulting in the development of osteoporosis.
These include:

• Inflammatory bowel disease is a good example of an inflammatory
disease causing osteoporosis. Circulating proinflammatory cytokines
increase osteoclast activity. Indeed, TNF alpha decreases differentia-
tion of osteoblasts, increases differentiation of osteoclasts, and
increases osteoclast survival by decreasing apoptosis. In fact, it has
been proposed that osteoblast and osteoclast communication mediated
by TNF is the final common pathway through which bone metabolism
is altered.27 High levels of IL-6 have been found in osteoporotic
patients suffering from Crohn’s disease compared to nonosteo-
porotic patients.28 Intestinal and colonic dysbiosis impair production
of vitamin K, which has been shown to be an important nutrient for
bone metabolism. Additionally, acute intestinal inflammatory events
produce central hypogonadism.28

• Calcineurin inhibitors (CIs), specifically cyclosporine A and
tacrolimus, are potent immunomodulators used in transplant patients.
Approximately 20,000 transplants are performed annually with more
than 250,000 performed to date. These transplant patients are fre-
quently in poor health and have osteoporosis prior to their surgery.
Calcineurin inhibitors have multiple effects on bone including
decreased bone formation, but the more important mechanism appears
to be their effect on T-lymphocytes, which then produce osteoclast
stimulatory cytokines. The overall loss in BMD in these patients is
exacerbated by the frequent concurrent use with corticosteroids.

• Several chronic diseases of aging have been noted to be comorbid con-
ditions with osteoporosis. These conditions, including atherosclerosis,
osteoarthritis, and periodontal disease, share inflammation29 as an
underlying pathophysiological derangement. Osteoporosis of the
spine, periodontal disease, and tooth loss has been associated in a
cohort of postmenopausal women.30

UNCLEAR ETIOLOGIES

• Antiepileptic drugs (AEDs) have been associated with bone disease.
Early reports on institutionalized patients were primarily of rickets
and osteomalacia. But more recent reports, particularly in outpatients,
have demonstrated evidence of osteoporosis. Mechanisms proposed
include increased catabolism of vitamin D by the cytochrome P450
enzyme system, impairment of calcium absorption, impaired bone
resorption and formation, and poor vitamin K status.31 AEDs that
induce the cytochrome P450 system enzyme system (phenobarbital,
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phenytoin, carbamazepine, and valproate) are most consistently
implicated in the development of osteoporosis suggesting the impor-
tance of vitamin D metabolism. Newer AEDs (gabapentin, lamotrig-
ine, topiramate, and vigabatrin) have been shown in one study to be
safe. However, a few pediatric studies have noted short stature and low
bone mass in children on lamotrigine. Certainly, the balance of studies
suggests that polytherapy with AEDs increases the risk of osteoporosis
compared to monotherapy.

• An interesting hypothesis has been proposed linking Gulf War
Syndrome with osteoporosis. It has been noted that there might be a
loss of immune tolerance to naturally occurring calcitonin gene
related protein (CGRP), a vasoactive neuropeptide, following a variety
of antigenic events including vaccination and exposure to sand fly
vasodilating substance. Receptors for CGRP have been detected on
osteoblasts.

BREAKING THE SILENCE

Osteoporosis has been called a silent disease because decreased bone strength is
generally not discovered until a fragility fracture has occurred, a condition capable
of causing osteoporosis is identified, or a diagnostic test has revealed evidence of
osteoporosis. A review of the primary risk factors, our patients’ lifestyle choices,
and their overall health, including many of the conditions outlined earlier, allows
one to assess a patient’s individual risk for osteoporosis. Consideration of the
pathophysiologic processes involved in the development highlights the intercon-
nectedness of organ systems frequently considered to be separate in the standard
allopathic approach. These interesting connections and the evolving and changing
scope of our knowledge should demonstrate that osteoporosis cannot be considered
a silent threat and that many individuals have easily recognizable clues to their
at-risk state. Given the increasing prevalence of osteoporosis in the population and
acknowledgment that 55% of the population over the age of 50 is at risk, we must
view osteoporosis as a common condition. It is crucially important that we not
only diagnose this disease early to begin timely treatment, we must also assist our
patients early on to make choices crucial for the prevention of osteoporosis.

TREATMENT

Given the interrelatedness of primary and secondary osteoporosis, a common
approach to these conditions is warranted. General nutritional and exercise-
related recommendations are the basis on which to build a patient-specific regi-
ment. Lifestyle modification and nutritional recommendations are specific to the
underlying causes. If a disease is contributing to osteoporosis, closer management
of the disease can be treatment. If a medication is contributing to osteoporosis
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through the pathways described earlier, alternate medications or alternative
disease management to lessen the dosage required can be considered. For recal-
citrant osteoporosis, one must consider the addition of standard allopathic thera-
pies including biphosphonates and calcitonin to our integrative approach.

CALCIUM

A rich literature debates the pros and cons of the various forms of calcium avail-
able for supplementation. In general, chelated minerals, which are bound to
organic acids, may be better absorbed than inorganic forms. Calcium citrate is
better absorbed particularly in an environment of lowered acidity, common in
both elderly patients and those taking acid-reducing medications, than is calcium
carbonate. The chelated forms are generally more expensive. Natural sources,
including bone meal, dolomite, and oyster shell, are frequently contaminated with
lead. Calcium hydroxyapatite is essentially a purified bone meal and absorption
may be significantly less than calcium carbonate or citrate. Coral calcium is
expensive and the extensive health claims made for this product have not been
substantiated.32 Dietary sources are still considered the best, though the standard
diet of western commerce generally falls far short of supplying adequate calcium.
Good food sources for calcium are low-fat dairy products; green vegetables
including broccoli, kale, collards; and calcium-fortified products including
orange juice and soy products. Indeed, three to four servings of these foods per
day can provide adequate dietary calcium intake. For clinical guidelines on cal-
cium refer to Table 25.2 of Chapter 25.

MAGNESIUM

Epidemiological studies have shown a positive association of magnesium with
bone density. Studies have shown that women with osteoporosis have lower bone
magnesium content than women without osteoporosis. A small trial demonstrated
a modest improvement in the magnesium supplemented group compared to con-
trols. Indeed, these studies suggest that the importance of magnesium supple-
mentation may currently be underestimated.1 Supplementation with 400 to 800
mg of magnesium per day is recommended. Additional information on magne-
sium supplementation is provided in Chapter 9.

BORON

Boron is a trace element that influences vitamin D metabolism and enhances
estrogenic activity in bone.33 Given the inadequate daily fruit and vegetable intake
of the average American, supplementation with 3 to 5 mg of boron per day is nec-
essary to ensure adequate boron levels.1 For testing boron using d-penicillamine,
refer to Chapter 29.
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VITAMIN D

Vitamin D has received recent widespread attention as a very important cell
signaling molecule, expanding its integral role in intestinal adsorption of calcium
as well as modifying the speed of bone turnover. Vitamin D is discussed in
Chapters 10 and 25.

VITAMIN K

Vitamin K supplementation has been shown to play an important role in healthy
bone formation. Broccoli and leafy greens, such as kale, collards, parsley, and
lettuce, are a good source of vitamin K. Caution must be taken for those patients
taking warfarin, though moderate intake is safe given frequent monitoring of
prothrombin times.

ISOFLAVONES

Of the herbals, isoflavones, found in soy and red clover, have attracted the most
research interest to date for the prevention and treatment of osteoporosis.
Epidemiologic studies have demonstrated beneficial effects in premenopausal
and perimenopausal women, but not in postmenopausal women. The research
demonstrated a dose-dependent benefit curve. Despite these findings, soy
isoflavones have been marketed in relatively high doses with resultant concerns
regarding their safety noted. Specifically at higher than dietary levels, there are
concerns that because of their estrogenic effects they may be procarcinogenic as
well as goitrogenic. However, research has shown that across a broad range of
hormonal parameters including thyroid function tests, follicle stimulating hor-
mone and luteinizing hormone levels, and total estrogen levels, one serving of soy
food per day had no demonstrable negative effects. A semisynthetic isoflavone
has been manufactured from daidzein called ipriflavone. It has been shown to
affect postmenopausal bone density levels, but has also been found to adversely
affect white blood cell levels. Given the current data, soy supplementation as a
food would be considered an advantageous strategy, but supplementation with
isolated isoflavones should be avoided.16

DEHYDROEPIANDROSTERONE

Dehydroepiandrosterone (DHEA) is a natural occurring adrenal hormone that is
a precursor to testosterone and estrogen. Available at compounding pharmacies
and over the counter in health food markets, small studies have shown beneficial
effects on bone density with topical applications of DHEA.16 DHEA may, how-
ever, have profound effects on diverse hormonal levels and can be procarcino-
genic. DHEA should only be administered under a physician’s care.
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CONCLUSION

The practitioner can use the concepts of osteoporosis’ underlying pathophysiology
to identify those patients most at risk for osteoporosis. This breaks the “silence”
of the disease and perhaps offers patients life-saving treatment opportunities ear-
lier than might have been the case otherwise. Treatment for affected individuals
must be aimed at slowing ongoing loss of bone density and stimulating new bone
formation with resultant new mineralization. Lifestyle choices, an appropriate
diet, and wise nutritional supplementation can greatly augment conventional
medical therapeutics.
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FUNCTIONS OF BONE

Bones provide mechanical function, which is rigidity and stiffness. This is nec-
essary to move about on dry land, while resisting the natural forces of gravity.
There is a fine balance between a skeleton that must resist these gravitational
forces and one that would be too heavy to carry around. This homeostasis that
needs to exist is directed by a negative-feedback loop. Mechanical sensors detect
the exact amount of bending that occurs in bones during the forces and loads that
the body sustains. When the level of bending is higher than the set point, a signal
is sent to adjust the balance of resorption and formation, and initiate the bone
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remodeling process. Routinely, bones bend 0.1 to 0.15% in all dimensions.1 If the
amount of bend is a larger percentage than this range, the remodeling apparatus
is signaled to increase the proportion of bone formation, so as to provide the
increased rigidity necessary to resist gravity, as well as reduce the likelihood of
fracture under normal forces. Conversely, if the percentage of bend is lower than
this, the negative-feedback loop signals for a higher proportion of bone resorp-
tion, or breakdown, so that the skeleton is not too bulky and heavy for the normal
functions that it is expected to perform.

The strength of bone is approximately proportional to the square of the bone
density. This relationship helps to explain why bone strength is so sensitive to
relatively small changes in density, and why fracture risk doubles at bone density
values only 10 to 15% lower than normal.1

The second role of bone is to provide a homeostatic buffer. In particular,
bones help to maintain a constant level of calcium in circulating fluids, as well as
provide a reserve supply of phosphorus and other minerals. Electrolyte and pH
balance are essential for minute-to-minute survival and are therefore maintained
sometimes at the expense of bone health. This is covered in greater detail in the
chapters on osteoporosis.

BONE STRUCTURE

Trabecular and cortical bone consist of the same cellular and noncellular compo-
nents, but contain them in different ratios. Only 10 to 15% of the trabecular bone
volume is calcified, while approximately 90% of the cortical bone volume is
calcified.2 A lattice structure allows a larger surface area of the trabecular bone to
be in contact with the marrow space, and thus is available for metabolic activity
and remodeling. By comparison, cortical bone is much more compact and makes
up approximately 80% of the total skeletal mass, and thus plays a more critical
mechanical role. However, because it makes up such a large percentage of skele-
tal mass, cortical bone also makes a substantial contribution to the metabolic
activity of the skeleton.

Only 2 to 5% of bone comprises cellular tissue. It is the nonliving portion that
contributes the mechanical properties of hardness, stiffness, and resiliency. This
nonliving material is best described as a mineral-encrusted protein matrix, of
which one-half, by volume, is protein matrix and the other half is bone mineral.
The protein matrix determines the shape and three-dimensional structure of the
bone, and it is also known as osteoid. It is 10% noncollagenous proteins, which
are Gla-proteins, meaning glutamic acid residues that are carboxylated in a spe-
cific position. Among these Gla-proteins are osteocalcin, osteonectin, fibronectin,
matrix Gla-protein, sialoprotein, and osteopontin.1 The protein matrix consists of
90% type I collagen, which is a long fibrous protein, coiled as a triple helix. These
fibers are cross-linked by the formation of tight covalent bonds formed between
the various amino acid side chains projecting from collagen molecules. Collagen
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is also the predominant basis for dermis, tendons, and ligaments. The bone
mineral is a carbonate-rich, imperfect hydroxyapatite. Its content is somewhat
variable, with calcium comprising 37 to 40%, phosphate 50 to 58%, and carbon-
ate 2 to 8%. The carbonate content is particularly sensitive to acid–base status in
the body. In addition, bone mineral contains small amounts of sodium, potassium,
magnesium, citrate, and other ions present in the extracellular fluid at the time the
mineral is deposited.

Osteoblasts, osteoclasts, osteocytes, and lining cells are the four principal bone
cells. In combination, these cells help contribute to the mechanical properties of
bone, as well as mediate the calcium homeostasis between bone and the body.

Osteoblasts lay down bone and produce osteoid, the protein matrix. Osteoblasts
synthesize and then secrete substances, such as collagen, which make up the
osteoid. Then, they deposit and orient the fibrous proteins of the matrix. The matrix
is laid down between and beneath the osteoblasts on the preexisting bony surface.
Thus, the osteoblasts are pushing themselves backward as they add new bone.

Several days after initially depositing the matrix, mineralization is then
directed by osteoblasts. Proteins are secreted into the osteoid matrix, and these
proteins direct cross-linking of the collagen fibrils. The exact mechanism by which
this occurs is still poorly understood. It is theorized, however, that the proteins help
to create a three-dimensional structure that attracts calcium and phosphate ions
and conjoins them into the apatite crystals. As mineral is deposited, the water
within the original matrix is displaced. Organic phosphate compounds in the vicin-
ity have the capability of inhibiting the mineralization process, but osteoblasts
secrete an enzyme called alkaline phosphatase, which serves to hydrolyze these
compounds. The process of mineralization itself takes several days.

Multiple things can occur to osteoblasts during the course of bone formation.
A large proportion are encased into the newly mineralized bone and become
osteocytes. Another portion will undergo programmed cell death, or apoptosis.
Finally, a portion of the cells will remain as functioning osteoblasts.

The main cells directing bone resorption are osteoclasts. They do this by
attaching to a microscopic bony surface at specific integrin receptor sites and
walling off a small region of that surface. Acid and proteolytic enzymes are then
secreted into this confined space and act to dissolve the mineral and digest the
matrix. The breakdown products at the resorption site are released by the osteo-
clasts into the extracellular fluid and are eventually carried away by the circulat-
ing blood. The protein fragments are then metabolized by other areas of the body
or excreted, while the calcium and phosphorus are either transported to other
bone-forming sites in the skeleton or excreted. Unlike osteoblasts, all osteoclasts
suffer the fate of apoptosis. This occurs after only a few short days of work.

Osteocytes, as mentioned above, are merely osteoblasts that become encased
within the bone during the mineralization process. Other functioning osteoblasts
continue to add new layers of osteoid matrix around and behind them. Osteocytes
differ from their former osteoblast counterparts in that they no longer have the
ability to synthesize protein matrix. They do, however, serve to monitor the
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amount of strain occurring in their local area when bone is mechanically loaded.
The osteocytes communicate this information to the lining cells.

Lining cells are located on anatomic bone surfaces. These cells are in prox-
imity to osteocytes for the purpose of receiving information on the amount of
bend in their immediate location when mechanical forces are applied. The lining
cells use this information to decide whether or not to initiate local bone remodel-
ing projects.

BONE REMODELING AND COUPLING

The balance of bone formation and resorption within the body is known as bone
remodeling. The temporal and spatial coordination of resorption and formation,
the two phases of the remodeling cycle, is called coupling.2 During normal phys-
iologic conditions, resorptive activity is essentially equally balanced with forma-
tion activity through this coupling mechanism. At any given time, 2 to 4% of the
human skeleton is undergoing remodeling.2 To maintain the structural integrity of
bone, old bone needs to be removed and replaced with new, healthy bone.

Resorption always precedes formation during the remodeling process.
Howship’s lacuna, also known as resorption pits, takes 7 to 10 days to reach full
depth. This marks the end of the phase, and is a signal for the beginning of the
formation phase. Osteoblasts lay down matrix, which eventually starts to miner-
alize after 10 days. The entire process of bone formation takes 3 to 4 months.2

FRACTURE CLASSIFICATION

By the simplest and broadest definition, a fracture is a break in the continuity of
bone. There are several distinct ways by which fractures can be classified. For the
purposes of this discussion, fractures will be classified by mechanism, or cause,
which includes traumatic, pathologic, and stress fractures. Traumatic fractures are
the more common type, and include fractures caused during motor vehicle accidents,
falls, fights, sports, etc. These tend to be the types of fractures that the average
person commonly thinks of when the term fracture is mentioned. Pathologic frac-
tures occur because of an underlying pathology, or condition, such as metastatic
bone cancer, osteoporosis, rickets, Paget’s disease, etc. These fractures occur at levels
of mechanical stress that would not normally fracture healthy bone. Because of the
pathologic condition, bone formation and remodeling do not occur as they should.
The result is bone that lacks the proper structural integrity to perform its normal
bodily functions. Stress fractures are a distinct entity to be discussed in detail.

There are two competing theories that may explain how stress fractures
develop. One theory suggests that during the initial increase in exercise or activ-
ity, the osteoblastic activity lags behind the osteoclastic activity by a few weeks,
resulting in a period during which bones are more susceptible to injury.
Microfractures can result from the torsional and bending stress forces applied to
bone, and further repetitive use can eventually lead to a consolidation of these
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microfractures into a small macrofracture. A second theory suggests that strong,
repetitive stress on bone at the insertion point of muscles results in focal bending,
which generates stress greater than bone can tolerate. These two theories share a
core central concept. Stress fractures occur as a result of a repetitive use injury
that exceeds the intrinsic ability of bone to repair itself. Because of the unique
pathophysiology by which stress fractures occur, they are not radiologically diag-
nosed in the same manner as other fractures. Stress fractures can be identified
sooner and more accurately, using magnetic resonance imaging or three-phase
bone scintigraphy instead of plain x-ray.

Two entities of stress fractures have also been described. Fatigue fractures occur
when normal, healthy bone is exposed to repetitive, abnormal stresses. When
normal forces are applied to abnormal, unhealthy bone, the fracture that might
occur is an insufficiency fracture. Fatigue-type stress fractures tend to correlate with
very specific anatomic areas, depending on the particular activity or sport, and what
mechanical forces are applied to specific areas in the body. For example, running
and jumping tend to cause tibial, navicular, and metatarsal stress fractures, whereas
rowing could lead to the development of rib stress fractures.

There is evidence that stress fractures are a multifactorial disorder, with
genetic and environmental factors affecting the final phenotype. Studies of stress
fracture occurrence in monozygotic twins,3,4 in children younger than 10 years of
age,3,5 and the association with a family history of osteoporosis,3,6 all support a
genetic predisposition to stress fractures.

A long list of risk factors for stress fractures exists. At the top of the list are
poor prior to physical condition and rapid increase in physical activity or training
program. “Too much, too soon” is the explanation for high rates of stress fractures
in new military recruits during basic training.7 Occurrence of a prior stress frac-
ture is also a risk factor. According to Sanderlin et al., approximately 60% of
those with stress fractures have had a previous stress fracture. Other risk factors
include participation in sports that involve running and jumping, endurance
sports, female gender (especially when accompanied by hormonal or menstrual
disturbances),8 low bone turnover rate, decreased cortical thickness of bone,
decreased bone density, nutritional insufficiencies, extremes of body size and
composition, inadequate muscle strength, inappropriate footwear, running on
angled or irregular surfaces, and type “A” behavior.

Most often, stress fractures are best treated with conservative treatment. This
includes rest, modification in exercise routine, ice, and depending on the location,
possibly immobilization. If the cycle that led to the formation of the stress frac-
ture is broken, the body’s intrinsic ability to repair and form bone will be
re-enabled, and the fracture will heal. If the cycle is not interrupted, stress frac-
tures can develop into full-thickness fractures, which may require surgery.
A more controversial aspect of treatment surrounds the use of nonsteroidal
anti-inflammatory drugs (NSAIDs). An article in the British Journal of Medicine,
February 2005,9 that reviews this issue states that “there is evidence from animal
studies that NSAIDs can adversely affect fracture healing, and that there is no
conclusive evidence to document any effect of NSAIDs on stress fracture healing
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in humans.” The article goes on to suggest that “until such evidence is produced,
it is prudent to limit the use of NSAIDs in patients with proven stress fractures.”

GENDER DIFFERENCES

Bone strength is influenced by numerous factors including bone mass, bone
size, geometry, and microarchitecture. Many structural differences arise during
pubertal development. The onset of puberty in males generally lags behind
females by 2 years. It is during these two extra years of prepubertal growth that
males have additional growth that contributes to increased long bone length.10 By
the end of puberty, males have achieved an overall greater bone size than females.
Periosteum expands with little change in endocortical diameter in men, and as a
result, there is increased cortical thickness and diameter. During female pubertal
growth, periosteal expansion ceases, while endocortical bone formation contin-
ues. This leads to a thickened cortex, but at the expense of a decreased cortical
diameter. Between the larger cortical diameter and the greater limb length it can
be seen why males have achieved a larger peak bone mass and greater bone
mineral density (BMD) at the end of puberty. Larger peak bone mass and BMD
provide men with stronger bones than women, and thus, a smaller risk of fracture
at equal applied forces. Women generally have smaller bones, smaller articular
surfaces, and shorter leg length as a proportion of height.11

Fracture incidence among men and women shows a bimodal distribution with
peaks occurring in youth and old age. The initial peak occurs in both boys and
girls during the prepubescent growth spurt. While the prepubescent growth spurt
is a time when girls and boys are physically active and sustain more trauma, it is
also a time when the skeletal structure is more vulnerable, especially when nutri-
tion is suboptimal. The second peak is due to fragility fractures.

The ratio of fractures in men and women changes with time. Prior to age 35,
men suffer a higher rate of fracture, usually because of higher rates of trauma.
Fracture incidence in women surpasses that of men by age 35. This is largely due
to the rapid rise of fragility fractures by osteoporosis, to which women are more
vulnerable. Therefore, the disparity in fracture incidence becomes even more
pronounced in the postmenopausal period.

Editor’s Note

Bone density, a clinical way to approximate bone strength, only needs to decrease
by 10 to 15% to double the risk of a fracture. Fracture rates are increasing among
children, adolescents, and the elderly, due to interrelated factors including more
trauma, less physical activity, less vitamin D, smoking, longevity, and Western
diets. Dietary trends are evident in the bones.
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FRACTURES DURING INFANCY

During the first year of life fracture risk is low. The presence of recurrent frac-
tures or a fracture with an unclear trauma should prompt the clinician to consider
child abuse.12 Spiral fractures, in particular, are commonly associated with abuse.

Since infancy is the time of rapid growth, suboptimal nutrition can be more
readily detected in the bones. Infants whose mothers smoked during pregnancy
and infants who are not breast-fed have lower bone mass.13

FRACTURE DURING CHILDHOOD

Roughly 55% of children break at least one bone before 18 years of age.13 Injuries
are the most common reason for hospitalization before the age of 14, and falls are
the leading cause of morbidity. Victims of these injuries tend to be men (61%).14

Although this age group may suffer from pathologic fractures, just as any other
age group, most fractures occur via trauma. In youth, long bone fractures pre-
dominate because of this fact, and boys are more likely to suffer traumatic frac-
tures than girls. Tall and heavy children are also at a higher fracture risk.13 Stress
fractures almost never occur in this age group because of the fact that bone
turnover occurs so rapidly and aggressively in childhood. It should be noted that
during this period, proper nutrition is essential to lay down strong, healthy bone
for the future, and to help prevent some types of pathologic fractures, such as
those associated with osteoporosis.

A landmark paper through the Mayo Clinic (Khosla et al.) showed a signifi-
cant increase in the rate of distal forearm fractures during childhood over a 32
year period (1969 to 2001).15,16 It is speculated that the reason for this increase is
multifactorial. Among the likely causes are decreased activity in the population,
decreased bone acquisition due to poor calcium intake, decreased vitamin D,
Western diets, and increased trauma rates. Further studies are currently being
pursued to help identify the exact causes for the increased childhood fracture
rates. With the progression of modern technology, and the invention of larger and
better televisions, computers, and video games, the children of today tend to be
far more sedentary than the children of the 1970s. These children, who spend
more time indoors, get less sunlight, and therefore less vitamin D. Also, the
modern Western diet tends to be high in total fat and low in nutrients. A fast-paced
society demands quick meals and relies too heavily on “fast food restaurants.” For
all of these reasons, we as clinicians need to address increasing physical activity
and proper nutrition, especially in youth.

FRACTURES DURING ADOLESCENCE

Adolescence is a difficult period to define because it occurs at different times in
different people. For simplicity, consider onset of adolescence to occur at age 10
in girls and 12 in boys, and age 17 as an end-point for both sexes. Usually, the
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growth spurt begins in boys at about age 12 to 13, peaks at 14 years, and is
completed by 19 years of age. For girls, it usually begins at 10 to 11, peaks at 12,
and is completed by age 15. Adolescence is a period of transition, both of body and
of mind. Because competitors in sports are becoming bigger, stronger, faster, and
are playing at a higher level of competition, this age group generally experiences
more traumatic fractures and more severe fractures than they did as children
playing sports. Adolescents begin driving privileges and for many reasons, adoles-
cents have a high rate of motor vehicle accidents. Teenagers who smoke cigarettes
on a regular basis have been shown to exhibit higher rates of fractures.13

Another significant issue that comes to the forefront during adolescence is
body image. This confusing time of transition leads to constant evaluation of per-
ceived attractiveness. Teenagers are keenly aware of the images of what is con-
sidered beauty in the society that surrounds them. It is this set of circumstances,
along with the struggle for a personal sense of control in this group that makes
the possibility of eating disorders a scary reality. Up until adolescence, a child is
not faced with such circumstances. From the onset of adolescence, however, the
possibility of disordered eating must be considered.

Eating Disorders and Fracture Risk,
a Special Consideration during Adolescence

Disordered eating presents in several forms. Anorexia nervosa is essentially star-
vation and caloric deprivation. Excessive exercise, diuretic use, and laxative use
may also accompany caloric deprivation. Binging and purging is known as
bulimia. The two disorders can occur together as anorexic bulimia. Reduced
BMD and eventually osteopenia are among the deleterious effects of anorexia and
bulimia.17 This is more prevalent in those with anorexia than those with bulimia
or anorexic bulimia, as confirmed by Carmichael and Carmichael.18 Because indi-
viduals with eating disorders vary so widely in their behavior, it is difficult to
make a generalized statement. No direct correlation was found between BMD and
body mass index, estrogen deficiency, tubular resorption of phosphorus, serum
vitamin D, parathyroid hormone, or alkaline phosphatase levels during this study.
However, they did establish that hypercortisolism was the best laboratory marker
to assess the risk of osteopenia in these patients. Refer to the chapter on drug and
disease induced osteoporosis for the mechanism by which cortisol decreases bone
integrity.

In a large study18,19 of 207 girls between the ages 9 and 18 years (an average of
2 to 4 years after menarche), researchers demonstrated that almost 99% of the max-
imal adult bone density is established by the age of 15. In another study18,20 of 225
adult women, it was reported by authors that BMD significantly increases until the
age of 35, at which time BMD decreases 1% per year until menopause. Both stud-
ies suggest that in the case of failure to establish critical peak bone mass by 15 to
35 years, as is likely with anorexia or bulimia, fracture risk is increased lifelong. It
can also be inferred that if anorexia or bulimia precedes the adolescent growth
spurt, bone development would be impaired and would lead to decrease in bone
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density, possible delays in normal bone maturation, and even interference in
reaching full height potential. Even if the disordered eating is resolved, these effects
are only partially reversible with time. Therefore, those with anorexia or bulimia are
at a higher risk of all types of fractures, but especially of stress fractures.

Cobb et al.21 studied the female triad, a syndrome composed of three interre-
lated conditions that influence each other. The triad is disordered eating, menstrual
irregularity, and osteoporosis. The studies led researchers to three conclusions.
First, disordered eating in runners is correlated with oligo/amenorrhea (defined as
0 to 9 menses per year). The second conclusion is that the association between
oligo/amenorrhea and low BMD is independent of body weight and body com-
position. Third, disordered eating is associated with low BMD in eumenorrheic
runners. The girls studied took the eating disorder index, which is a tested mea-
surement of disordered eating. Those with elevated eating disorder index scores
had a four-fold increase in risk for oligo/amenorrhea, even after authors con-
trolled for other factors.

Because one of the main features of anorexia nervosa, and to a lesser degree
anorexic bulimia and bulimia, is macro- and micronutrient deficiency, it would be
expected that fracture healing would be more difficult and prolonged. As protein
wasting becomes more severe with disordered eating over time, the necessary
available proteins and amino acids used by the body in the process of bone for-
mation are lacking. This can lead to slow and poor fracture repair, which can in
turn lead to future fractures. A vicious cycle can ensue in this manner.

It is important to realize that boys and young men can suffer eating disorders
like girls and young women, even though the prevalence is much lower. Boys who
participate in endurance sports and sports that require a participant to be within a
specific weight class are especially at risk. One example is the high school
wrestler trying to lose weight for that day’s match. He will do whatever it takes
to meet the specific weight goal, including induced vomiting, starvation, pur-
poseful dehydration, laxatives, and diuretics. Boys are also at risk of anabolic
steroid use following puberty. Among the many detrimental effects of steroid use
is bone pathology.22,23 Users and abusers are at a much higher risk of pathologic
fractures and several forms of bone cancer.

Obesity is multifactorial and is frequently associated with disordered eating.
Initially, it was thought that the additional mass of exogenous fat promotes
stronger bones, that obesity in adolescence may be protective of osteoporosis and
fractures. Clinically, that theory is not substantiated. The diet of those obese may
be high in macronutrients, but is often low in the bone-building nutrients
described in the chapter on osteoporosis. The obese tend to exercise less, leading
to less bone strength.

FRACTURES DURING YOUNG ADULTHOOD

Young adulthood is typically defined as age 18 to 35. During this period, the
gender difference in fracture rates narrows down as men have fewer traumatic
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fractures by the close of this period and women develop osteoporosis. BMD no
longer increases by the close of this period21 apart from medical and nutritional
interventions.

FRACTURES IN MIDDLE ADULTHOOD

During this period, which will be described as age 36 to 64, the trend of higher
overall fracture rates is skewed toward women. Following menopause, this holds
true to an even larger degree because of the decline in circulating levels of estro-
gen, specifically, 17[�] estradiol.11 Pathologic and insufficiency fractures continue
to rise in both men and women and stress fractures still may occur, especially in
relation to pathologic areas of bone.

FRACTURES IN OLDER ADULTS

The final age group to be discussed is the most rapidly expanding segment of the
population, and includes ages 65 and above. Those individuals over age 85 are a
subset that is growing at an even faster rate. Older adults experience the highest
percentage of pathologic and insufficiency fractures. This is a direct result of mul-
tiple factors, which include higher rates of disease states that interfere with bone
formation, decreasing ability to absorb nutrients over time, progressively declin-
ing ability for the body to form bone as age increases, and in general, consump-
tion of diets with fewer calories and worse nutrient content secondary to health
problems, and less access to fresh foods.

Traumatic fractures are common, but for different reasons than earlier in life.
Decreasing vision, decreasing sensation, decreasing proprioception, diminishing
reflexes, widening base of gait, increasing joint stiffness, and muscle atrophy all
contribute to traumatic fracture risk, along with decreased bone density. The
increased rate of bones affected by pathology also causes an increased likelihood
that fracture will occur as the result of a given injury. For these reasons, lifestyle
modification must take place for this age group. Modifications should include
exercise, use of a cane or walker when necessary, vitamin and calorie supple-
mentation, or close dietary monitoring. Rehabilitation programs should be
designed to increase strength, balance, proprioception, and range of motion, as
well as incorporate protective devices, such as hip pads. Of note, elderly individ-
uals who report being physically active are found to have a 20 to 40% lower inci-
dence of hip fractures than those who report a sedentary lifestyle.24–26

EXERCISE FOR BONE HEALTH

Weight-bearing exercise contributes to bone strength and bone density through-
out life. Animal studies demonstrate the osteogenic response to dynamic loading
forces.24,27
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Immobilization results in bone loss.24,27 Ordinary bed rest also results in
negative calcium, phosphorus, and potassium balance. Pitts found an 8% drop in
fat-free weight, an increase in percent body fat, and a decrease in total body
calcium in rats that spent 18 days in space. This further supports the need for
weight-bearing exercise that requires gravity.28

Physical activity habits during childhood may have long-lasting benefits on
bone health. Multiple small randomized, controlled trials have led to an exercise
prescription that will augment bone mineral accrual in children and adolescents.
Impact activities for 10 to 20 min done at high intensity in terms of bone-loading
forces for at least 3 days a week is suggested.24,26 Impact activities include plyo-
metrics, gymnastics, jumping, resistance training, and combined running and
jumping activities like basketball and soccer.

An exercise prescription for maintaining bone health during adulthood is
30 to 60 min/day of a combination of weight-bearing, endurance, and jumping
activities three to five times per week.24,26 Resistance exercises that target all
major muscle groups two to three times per week, at a moderate to high intensity
in terms of bone-loading forces, should also be included.24,26

Obese people who are active have lower mortality and morbidity than people
whose weight is normal but are sedentary.29 While the overall risk benefit ratio
greatly favors a lifestyle with exercise, exercise does carry risks. Exercise is asso-
ciated with increased risk of cardiac arrest, dehydration, osteoarthritis, and injuries
including fractures.30 Osteoarthritis is associated with the same forms of exercise
that most benefit the bone. A study of 117 men former top-level athletes aged 45
to 65 (28 had been long distance runners, 31 soccer players, 29 weight lifters, and
29 shooters) looked at occurrence of knee osteoarthritis in activities with distinctly
different loading conditions.31 The prevalence in knee osteoarthritis was 31% in
weight lifters, 29% in soccer players, 14% in runners, and only 3% in shooters.
Prevalence directly correlated with the amount of loading force that occurs at the
knee joint. The increased risk of premature osteoarthritis could only be partially
explained by knee injuries in soccer players, and high body mass in weight lifters.
Kujara concluded that all types of competitive athletes are at a slightly increased
risk of requiring hospital care because of osteoarthritis of the knee, hip, or ankle
when compared with the average population.32 Power sports led to increased
admissions for premature osteoarthritis, but in endurance athletes the admissions
were at an older age. Obese persons, athletes, and others at high risk of osteoarthri-
tis can use nutrition to strategically protect against osteoarthritis (Chapter 21).

NUTRITION FOR BONE HEALTH

Nutrients to improve bone health, resist fractures, and recover from fractures, and
orthopedic surgery are very similar. The principles of dietary interventions and
the nutrients most critical to bone health are described in Chapter 25 and can be
applied across the life span.
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SUMMARY

Fractures are the result of forces on bone that exceed the bone’s ability to resist
the forces. In trauma, bone is exposed to extremely great forces. In osteoporosis
the bone has diminished ability to resist the forces. Most fractures throughout the
life span are a combination of inadequate bone strength and increased forces.
Clinicians can diagnose and treat the underlying causes of diminished bone
strength. Exercise prescriptions and bone nutrition are recommended.
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OVERVIEW

Orthopedic surgery is often elective, which offers time for presurgical prepara-
tion. The physical stress of surgery places demands on muscle, cartilage, and
bone, the very tissues orthopedic surgery aims to heal. This chapter explains
which herbal products should be discontinued before surgery. It reviews prepro-
cedural fasting guidelines and safe preoperative weight reduction.

HERB–SURGERY INTERACTIONS

Consumer popularity of herbal supplements increased markedly in the 1990s.
Based on longitudinal studies from Harvard, the use of self-prescribed herbal
supplements in the U.S. general population was 12.1% in 19971 compared to the
2.5% prevalence found in 1990.2 In a study of 3106 presurgical patients, 22%
used herbal remedies, while a similar study of 755 found a report rate of 36%.3

Use of herbal medicine was predominant in women and patients aged 40 to 60
years.3,4 Between 20 and 44.4% of presurgical patients did not disclose their use
of alternative medicine to their physicians.3,5

The popularity of herbal medicine among consumers is based on the false
notion that herbal supplements can only be healthful or have no effect. Herbal
supplements can be harmful, especially during surgery. While nutrients and
nutritional supplements are chemicals on which metabolic processes depend,
herbal supplements are chemical structures for which the body has no known
requisite. Herbal supplements are concentrated beyond what could be consumed
by diet alone, and concentrations of metabolically active components vary
greatly. An analysis of 25 available ginseng products found a 15- to 200-fold
variation in two markers, ginsenosides and eleutherosides.6 Contamination can
also occur. High levels of heavy metal have been found in 25% of 260 Asian
patent medicines. In the same study, 7% of these medicines contained unde-
clared pharmaceuticals, such as steroids, hypoglycemics, and diuretics, to
produce the desired effect.7 From a period of 1990 to 1997, the most common
heavy metals found in herbal medicines were mercury (66.7%), lead (19%), and
copper (2.4%).8

Even though a patient may be presenting for an orthopedic procedure, the
patient may be taking herbal medications, which could potentially cause them
significant morbidity in the perioperative setting. Health care providers should
consider a medication history incomplete until the patient is asked about the use
of herbal medicines. Current recommendations by the American Society of
Anesthesiology require that all patients are asked to stop taking herbal medicines
2 weeks prior to surgery. The goal is to avoid the platelet inhibition caused by
many herbal medicines as well as to prevent herb–drug interactions, such as those
given below and in Table 28.1 and Table 28.2. Ideally, patients will have an
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opportunity to discuss the health concern they are self-treating with herbs. For
example, kava taken as a sleep aid may be replaced with a medication per the pro-
tocol outlined by Dr. Teitelbaum in his chapter on fibromyalgia. A person using
St. John’s wort may benefit from a prescription antidepressant during the weeks
surrounding the surgery.

Preparing for Orthopedic Surgery 509

TABLE 28.1
Examples of herbs and their potential effects

Herbs associated with electrolyte disturbances
American ginseng (↓ glucose)
Bitter melon (↓ glucose)
Fenugreek (↓ glucose)
Prickly pear (↓ glucose)
Licorice (↓ potassium)
Goldenseal (↓ potassium)

Herbs associated with enhanced bleeding potential
Ginger Feverfew
Garlic Fish oil
Ginseng Danshen
Ginkgo DongQuai

Herbs associated with prolongation of anesthesia
Valarian
Kava-kava
St. John’s wort

TABLE 28.2
Reported herb–drug interactions

Herb � Drug � Effect
Danshen � warfarin � increased INR
Ginseng � digoxin � ↑ digoxin levels
Ginkgo � thiazide diuretic � hypertension
Ephedra � phenylzine � severe monoamine oxidase inhibitor toxicity
Grapefruit juice � benzodiazepines � increased drug bioavailability (↓ intestinal CYP3A4)
Licorice � diuretics � exacerbated potassium loss, myopathy
Tamarind � aspirin � increased absorption
Yohimbe � tricyclic antidepressants � enhanced autonomic and central sympathomimetic

effect
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ECHINACEA

Uses: Mild sedative, antispasmodic, and antiseptic.
Drug–herb interaction: Hepatoxicity may occur with prolonged use and should not
be taken with other hepatoxic drugs (anabolic steroids, amiodarone, methotrexate,
or ketoconazole). Thus far, there have been no reported cases.9

FEVERFEW

Uses: Migraine prophylaxis.
Drug–herb interactions: Feverfew inhibits platelet activity and should be avoided
with the use of warfarin and other anticoagulants.9–11

GARLIC

Uses: Hypercholesterolemia treatment.
Drug–herb interactions: Garlic decreases platelet aggregation, which may be
exacerbated with the use of anticoagulants.7,12,13

GINGER

Uses: Antiemetic and antispasmotic.
Drug–herb interactions: Ginger acts as a potent thromboxane synthetase inhibitor.9,14

Therefore, bleeding may be exacerbated in the presence of anticoagulants.

GINKGO

Uses: Dementia treatment.
Drug–herb interactions: Ginkgo is a potent inhibitor of platelet-activating factor
and may cause bleeding with the concomitant use of aspirin, nonsteroidal anti-
inflammatory agent (NSAID), heparin, and other anticoagulants.7 Patients who
use anticonvulsants and antidepressants should avoid using ginkgo. Since a neu-
rotoxin, ginkgo toxin, is present in the ginkgo leaf and seed, it is advised that it
should be avoided in epileptic patients.9,11

GINSENG

Uses: Treatment of type 2 diabetes, enhances heath and combats stress/disease.
Drug–herb interaction: Ginseng comes in several varieties (Panax ginseng,
Panax quinquefolius, and Panax pseudoginseng). Falsely elevated digoxin levels
in the absence of digoxin toxicity have been found in P. pseudoginseng. It is
postulated that the eleutherosides may interact with the digoxin assay. The addi-
tion of ginseng to warfarin caused the normalization of a patient’s international
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normalized ratio (INR) in P. ginseng.9 Headache, tremulousness, and manic
episodes have occurred in patients taking ginseng and phenelzine.6,15

KAVA

Uses: Sleep enhancer.
Drug–herb interaction: Kava and alprazolam used in combination may cause
prolonged sedation.7,16 This could cause prolongation of the sedative effects of
anesthesia.

ST. JOHN’S WORT

Uses: Treatment of depression, anxiety, and sleep disorders.
Drug–herb interactions: Concomitant use of St. John’s wort with piroxicam or
tetracycline hydrochloride should be avoided, since it may cause photosensitivity.
The use of selective serotonin reuptake inhibitors, such as fluoxetine and paroxe-
tine, and St. John’s wort may cause serotonin syndrome (headache, sweating, dizzi-
ness, and agitation).9,16 Owing to the fact that the mechanism of action of St. John’s
wort may be characterized as a monoamine oxidase inhibitor, it may be prudent to
avoid tyramine-containing foods like Swiss cheese, sauerkraut, or wine.9

VALERIAN

Uses: Treats insomnia.
Drug–herb interactions: The use of valerian and barbiturates (thiopental and pen-
tobarbital) may cause prolonged sedation.9 The use of alcohol should also be
avoided until further studies are completed.

CAFFEINE

There are no specific recommendations on the use of caffeine in the perioperative
setting. Caffeine, which is a methyxanthine, is found in a variety of products like
teas, sodas, chocolate, soft drinks, and coffees. Most Americans consume some
form of caffeinated beverage daily. The United States imports 30% of the world’s
coffee. Caffeine has been shown to increase systolic and diastolic blood pressure
in men (4.1 and 3.8 mmHg, respectively) and women (4.5 and 3.3 mmHg, respec-
tively).17 In a case–control study of 713 patients, high-dose caffeine consumers
were more likely to have chronic daily headaches (odds ratio 1.5, p � .05).18

However, the abrupt withdrawal of caffeine leads to a caffeine physical depen-
dence syndrome. This syndrome is characterized by headaches, muscle aches,
nausea, and vomiting.19 Caffeine-withdrawal headaches have been reported to
occur if an individual ingests the equivalent of one cup of coffee per day, which
depending on its strength may have between 96 and 136 mg of caffeine.
Palpitations have been reported with the use of caffeine, and generally, if patients
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have a history of palpitations or panic disorder, they are instructed to avoid
caffeine.20 Caffeine avoidance is advisable for patients with hypertension. In the
perioperative period, caffeine is better tapered 2 weeks prior to surgery, rather
than discontinued abruptly the day of surgery.

PREOPERATIVE FASTING GUIDELINES

Aspiration of food from the stomach into the airways occurs when the laryngeal
muscles are relaxed as is the case during various stages of anesthesia: general
anesthesia, regional anesthesia, and sedation–analgesia (monitored anesthesia
care).21 Aspiration of solid material may cause an anatomic blockage of the air-
way. Aspirating gastric juices with a neutral pH may cause damage to the lung
leading to a clinical picture of near drowning. Acidic gastric juices that are aspi-
rated could potentially lead to an aspiration syndrome (Mendelson syndrome),
characterized by dyspnea, cyanosis, and low-grade fever associated with diffuse
rales, hypoxemia, and alveolar infiltrates in dependent lobes.22 Mendelson syn-
drome is postulated to occur if the pH is less than 2.5 and the gastric volume is
over l.5 ml/kg. In an observational study of 318,880 surgical patients, the preva-
lence of aspiration pneumonia was approximately 1%23 and associated mortality
ranges from 10 to 71%.21

The American Society of Anesthesiologists (ASA) created practice guidelines
for preoperative fasting with the intension of decreasing the complications asso-
ciated with pulmonary aspiration of gastric contents. This is also commonly
referred to as the nil per os (NPO) guidelines. The revised guidelines were cre-
ated based on a literature review of over 3000 articles, a survey of attending anes-
thesiologists, and a task force analysis of the data. This was intended to improve
the quality of anesthesia care and stimulate the evaluation of individual practices.
Internationally, there has been a move to also adopt similar NPO guidelines.24

Previously, patients were instructed to be NPO after midnight, which resulted in
significantly more postoperative drowsiness, dizziness, and thirst (p � .05).25 In
fact, patients who ingested 150 ml of clear fluid more than 2 hours prior to a pro-
cedure had no significant effect on residual gastric volume and pH compared to
those who had fasted overnight.23

The ASA has specific patient instructions for preoperative fasting of clear
liquids, breast milk, infant formulae, and solid-food ingestion (see Figure 28.1).
These guidelines apply to healthy, nonpregnant patients who are undergoing elec-
tive procedures.26 Clear liquids should not be ingested within 2 hours of a proce-
dure requiring general anesthesia, regional anesthesia, or sedation–analgesia
(monitored anesthesia care). An infant should fast from breast milk for four or
more hours prior to a procedure requiring general anesthesia, regional anesthesia,
or sedation–analgesia. Infant formulae should not be ingested within 6 hours of a
procedure where general anesthesia, regional anesthesia, or sedation–analgesia is
utilized. A 6 hours or longer fast is recommended for a meal consisting of light
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solids or nonhuman milk prior to a general anesthetic, regional anesthetic, or
sedation– analgesia. Patients should abstain from eating fatty, fried foods or meat
8 hours or more prior to a procedure requiring the administration of general anes-
thesia, regional anesthesia, or sedation–analgesia. Health care practitioners may
need to modify NPO guidelines for persons at increased risk of pulmonary aspi-
ration. Comorbidities include diabetes mellitus, obesity, emergency cases, bowel
obstruction, hiatal hernia, or gastroesophageal reflux disease.24

Editor’s Note

Surgery is a catabolic state where metabolism breaks down muscle and bone, the
very tissues orthopedic surgery seeks to heal. Interventions that shorten catabo-
lism and minimize oxidative damage could improve recovery and response to
physical therapy. Effective nutritional interventions have been identified.

STRATEGIC NUTRITION

Nutritional status prior to surgery influences surgical outcomes. Furthermore,
certain nutritional interventions have been shown to provide benefit in the
perioperative setting in patients with suboptimal levels of these nutrients. One
clinician’s protocol for safely optimizing nutrition prior to orthopedic surgery is
outlined in Table 28.3.

ANTIOXIDANTS

The body can store both water and fat-soluble antioxidants and draws on them
during times of stress, such as orthopedic surgery. When antioxidants are in short
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supply, oxidative damage to lipids, proteins, and nucleic acids occurs resulting in
tissue damage, muscle loss, and delayed wound healing. Refer to Dr. Harris’ chapter
on antioxidants. There has been research on the use of antioxidants (selenium,
vitamin A, C, or E) to supplement feeding solutions, where antioxidants have
been shown to decrease lipid peroxidase by 21% (p � .05).27 Lipid peroxidase is
a serum marker for high dietary lipids and oxidative stress. Deficiency in zinc has
been linked to an increased susceptibility to wound infections.28 Supplementation
with zinc was evaluated to enhance wound healing. In a prospective study of 95
patients undergoing a hemiarthroplasty for a hip fracture, zinc levels of �95 �g/dl
had an 11-fold increased risk of delayed wound healing.28

Vitamin C is of particular interest because it is a water-soluble antioxidant
and also a vital nutrient for collagen synthesis, as described in Chapter 21. The
physical stress of surgery can deplete marginal vitamin C stores, reducing the
vitamin C levels needed for postsurgical healing. Individual vitamin C require-
ments can be determined by urine testing, as described in Chapter 25.

ALKALINIZING FOODS

Physical stress creates a metabolic acidosis, which is buffered by several organ
systems including bone. Bone leaching from metabolic acidosis should be
avoided, especially during orthopedic surgery, when metabolism would ideally
support bone healing. Food selection influences metabolic processes. For exam-
ple, fruits and vegetables, which are a rich source of antioxidants, also have the
advantage of bone-sparing bicarbonate production. Refer to Chapter 25 for details
on alkalinizing diets.

AMINO ACIDS

The role of dietary protein and some specialized amino acids is discussed at length
in Chapters 6 and 18, and is presently applied to surgical patients. The National
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TABLE 28.3
A strategic nutrition protocol prior to orthopedic surgery

Step 1 Antioxidants
Alkalinizing foods
Amino acids

Step 2 Bone nutrients
Biotics

Step 3 Correct deficiencies
Comorbidities
Carnitine

Step 4 Detoxify
DHEA
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Surgical Quality Improvement Project found that patients with an albumin level
�35 g/l were more likely to have a higher 30 day mortality rate than patients with
an albumin over 35 g/l.27,29 Loss of protein from protein–calorie malnutrition leads
to decrease in wound tensile strength, T-cell function, phagocytic activity, and
complement and antibody levels. These immune-related compromises of malnu-
trition correlate clinically with increased wound failure in lower-extremity ampu-
tations and bypass procedures.28 A preoperative lymphocyte count of less than
1500 cells/unit was associated with a three times higher frequency of delayed
wound healing.30 Recommendations have been made for patients who are severely
malnourished or have been NPO for over 3 days: enteral tube feeding or parenteral
feeding for 7 to 15 days preoperatively is a means of nutritional supplementation
if oral supplementation is not possible. Oral supplementation is less expensive and
carries a smaller risk of infection and electrolyte abnormalities than parenteral
feeding.31 Supplementation with essential amino acids has been shown to be mus-
cle sparing.32 Most patients awaiting orthopedic surgery only need a reminder to
eat breakfast and protein sources, such as lean meats, fish, nuts, organic eggs, and
whey. Physical stress of surgery increases protein demand beyond the recom-
mended dietary allowance of 0.8 g/kg body weight per day.

Certain amino acids are used individually to prepare a patient for surgery.
Whey protein contains the three amino acids needed to synthesize the endoge-
nous antioxidant, glutathione. L-Glutamine is used as a substrate for enterocytes
and thereby appears to protect the mucuous membranes. L-Arginine is an amino
acid that induces NO release and stimulates T-lymphocytes, which play an instru-
mental role in wound healing by promoting fibroplasias.28 In addition to improv-
ing resistance to bacterial infections, arginine is cytoprotective during ischemia
and reperfusion. It improves macrophage function after injury and inhibits the
release of interleukin-2 (IL-2), IFN� by Th1 lymphocytes.33 One randomized
control trial of 50 patients undergoing elective surgery found that those who
received L-arginine along with -3-fatty acids and yeast ribonucleic acid for
5 days preoperatively showed an improvement in their delayed-type hypersensi-
tivity response to recall antigens and serum IL-6 concentrations. Additionally,
pneumonia was less prevalent in the treated group.34 This clinician uses L-arginine
3 g twice daily in some patients with preexisting vascular disease. Most patients
respond to choosing healthier protein sources.

BIOTICS

Antiobiotics commonly administered perioperatively alter the biotic environment
of tissues. Friendly bacteria, such as Acidophilus and Bifidobacteria, protect the
mucous membranes, making them more resistant to hospital-acquired microbes.35

These same bacteria synthesize most of our B vitamins and vitamin K, and are
themselves a fiber source.36 Diverse probiotic strains may provide benefit beyond
supplementation with a single strain; however, this clinician uses a single strain
of Bifidobacterium, which can be cultured if a patient were to develop fever.
Organic low-fat yogurt may provide additional probiotic benefit.
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BONE NUTRIENTS

Vitamin D, calcium, and anabolic steroids used in combination improved muscle
mass, bone mineral density, and clinical function after hip fracture.37 Vitamin D
deficiency is prevalent and repletion has demonstrated benefits to both bone and
muscle (see Chapters 10 and 25). Perioperatively, vitamin D can be supplemented
at 1,000 IU daily. Calcium supplementation should be taken in a 2:1 ratio with
magnesium, since the two minerals compete for absorption and preexisting low-
magnesium stores are prevalent (see Chapters 9 and 25).

CORRECT DEFICIENCIES

Suboptimal nutrient levels can be secondary to medications. Table 28.4 reviews
common drug–nutrient interactions, pertinent to musculoskeletal health.

COMORBIDITIES

Nutrition can be used as an adjunct to medical conditions, which need to be
“tuned up” prior to surgery. Weight reduction plans for obesity may be considered
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TABLE 28.4
Common medications known to alter nutrient status

Medication Nutrient Mechanism
Coumadin Vitamin K Blocks enzyme that synthesizes vitamin K
Iron Chromium Competitive absorption
Antibiotics Vitamins K and B Destroy intestinal flora, which synthesize

these vitamins
Corticosteroids Calcium, vitamin D, Reduce active vitamin D, decrease calcium

and chromium absorption, and increase chromium losses
Bile acid sequestrants Fat-soluble vitamins Decrease absorption
Diuretics Magnesium, zinc Increase urinary losses
Digoxin Calcium and magnesium Increase urinary losses
�-Blockers Coenzyme Q10 Antagonize enzyme needed for synthesis
HMG-CoA reductase Coenzyme Q10 Block enzyme needed for synthesis

inhibitors
Sulfonylureas Coenzyme Q10 Inhibit NADH-oxidase enzyme
Biguanides Vitamin B12 Competitive absorption
NSAIDs Folate Competes with enzymatic synthesis
H-2 blockers and Vitamin B12, calcium, Decrease absorption by increasing

proton pump inhibitors and protein gastric pH
Theophylline Vitamin B6 Inhibits enzyme
Anticonvulsants (most) Vitamin D, folate, Interfere with metabolism, low serum

and L-carnitine levels

Source: Bralley, J.A. and Lord, R., Laboratory Evaluations in Molecular Medicine, The Institute for
Advances in Molecular Medicine, 2001, p. 365; Hug, G. et al., J. Pediatr., 119, 799–802, 1991;
Physicians’ Desk Reference, 2005.
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an exception. Obesity is associated with many surgically managed orthopedic
conditions. However, 2 weeks prior to surgery, treatment goals should shift to
weight maintenance and muscle preservation.

Peripheral vascular disease is a comorbidity, which delays recovery from
orthopedic surgery, especially of the affected extremity. Treatment of peripheral
vascular disease can be augmented by nutrient supplementation. The amino acid
L-arginine can improve endothelial vasodilation, primarily by increasing the
release of nitric oxide. L-Arginine at a dose of 8 g twice daily can significantly
reduce intermittent claudication.38 Sustained release preparations are under devel-
opment.39 L-Carnitine at a dose of 2 g twice daily has also been shown to be effec-
tive in reducing symptoms of intermittent claudication.40

CARNITINE

L-Carnitine is an organic amine derived from both dietary sources and endogenous
synthesis. L-Carnitine transports free fatty acid across the inner mitochondrial
membrane, where the fatty acids are used for ATP synthesis. L-Carnitine avail-
ability can be a rate-limiting step for fat metabolism, especially during the ele-
vated cortisol state of surgery. Supplementation with L-carnitine can prevent
apoptosis of skeletal muscle cells and increase muscle mass.41 This clinician rec-
ommends L-carnitine, 2 g, twice daily, 2 weeks pre- and postsurgery in persons
with sarcopenia, insulin resistance, cardiovascular disease, congestive heart fail-
ure, or elevated triglycerides.40 Vegetarians often benefit from supplementation
because meat is the primary dietary source of L-carnitine.

DETOXIFICATION

Possibly more powerful and more difficult than adding nutrients may be sub-
tracting antinutrients. Sugar and other highly refined carbohydrates spark unfa-
vorable metabolic reactions, which actually cost the body nutrients. Although
high-intensity sweeteners, such as aspartame, and sucralose have no calories per
se, they are not metabolically inert; they interfere with nutrient absorption and
metabolism. Stevia and sugar alcohols, such as xylitol, can be substituted.

Dietary trans fats should also be removed from the diet and the unrefined fats,
described in Chapter 4, should be substituted. Trans fats alter cell-membrane
chemistry and adversely modulate inflammation, just as healthful -3 fats can
favorably modulate inflammation. Since -3 fats can interact with surgery and
can be harmfully oxidized, initiating their use in supplemental doses prior to
surgery is not advised. A diet that eliminates trans fats and is rich in organic,
unrefined oils is strongly recommended.

DEHYDROEPIANDOSTRONE

Dehydroepiandostrone (DHEA) is an anabolic hormone available without medical
prescription. Although it achieved consumer popularity among strength-building
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athletes, its primary benefit is among the frail. DHEA is released endogenously
in a pulsatile fashion with cortisol. When stress increases, both cortisol and
DHEA increase. However, on aging, endogenous DHEA production diminishes
and is unable to increase with rising cortisol.36,42,43 The presence of DHEA recep-
tors on muscle tissue also suggests that DHEA has a muscle-sparing role in high-
stress environments, apart from being a precursor for androgenic steroids. DHEA
levels are correlated with serum L-carnitine levels, suggesting another potential
mechanism of action.44 DHEA supplementation at 100 mg for 6 months favorably
increased body composition and muscle strength in men aged 50 to 65 years, but
not in women.45 DHEA supplementation of 50 mg for 6 months to 1 year
increased bone density in women older than 70.42,46 No adverse effects of DHEA
were observed in these studies. Intramuscular anabolic steroids of higher potency
were well tolerated among elderly women in a study that demonstrated muscle
mass, bone mineral density, and clinical function after hip fracture.37 Orthopedic
surgery patients with osteoporosis and sarcopenia may receive muscle and bone-
sparing benefit from a 6 month course of DHEA. Detailed discussions of anabolic
steroid physiology can be found in Chapters 18 and 20.

CONCLUSION

A patient’s nutritional status and the recent intake of dietary supplements and
nutrients play an important role in the perioperative setting. Herbal medicines
should be avoided 2 weeks prior to surgery. NPO guidelines must be explained
to patients to avoid perioperative morbidity. Morbidity can occur from eating
just prior to surgery and dehydration and protein catabolism can occur by not
eating enough a few days before surgery. Strategic dietary and nutritional inter-
ventions enhance surgical outcomes and can be implemented using evidence-
based protocols.
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INTRODUCTION

Xenobiotics are biologically active chemicals in our environment, many of which
compromise human health. The human cost of xenobiotics is a reduction of
8.8 years of life for the average person due to the effects of these toxicants.1 This
is 10% of most people’s life span. The direct disease care costs induced by toxic
metals, (TMs) for example, are calculated, in aggregate, to be in excess of $100
billion annually. A similar, yet less defined, burden is imposed by hormone
disrupting persistent organic pollutants (POPs).2 There has been a 1000-fold
increase in TMs and persistent organic pollutants (POPs) in our environment due
to anthropogenic effects. Indeed, over half of the TMs and POPs burden on the
environment has been added within the last century. Bioaccumulation in mam-
mals, including humans, is typically 100,000 to 200,000,000 times that of the
environment. This is largely due to most mammals’ ready uptake and impaired
innate release (detoxification plus excretion) mechanisms when they lose home-
ostatic and innate antitoxic mechanisms. These innate mechanisms are designed
to trap and facilitate the safer elimination of these toxins. Further, these mecha-
nisms are inducible when we come in contact with small amounts of the toxicant
and have the healthy resilience to induce elective, protective mechanisms. Today,
too many people have lost those protective mechanisms and thus appear to be at
greater (genetic) risk than their actual (phenotypic) situation. Still further, we
know all too little about the interactions of toxins.

This chapter reviews the impact of better-studied, clinically known toxicant
groups on musculoskeletal conditions. In addition, functional tests to determine
body toxicant burden and immunotoxic reactivity are included because they
improve diagnostic precision and clinical outcomes. Functional procedures such
as penicillamine provocation for nutritional and TM status allow a noninvasive
clinical window on cellular mineral and cellular buffering competencies. In addi-
tion, lymphocyte response assays (LRA) by ELISA/ACT method allow for
patient-specific diagnostic testing and therapeutic monitoring. Taken together,
these approaches to clinical management hasten more predictive, cost-effective,
outcome-effective, integrative, and comprehensive clinical care.

Editor’s Note

Many anthropogenic, human-sourced intoxicants bioaccumulate in the food
chain. Since humans are a part of the food chain and toxins are stored primarily
in fat, muscle, and bone, it follows logic that environmental toxins contribute to
emerging and severe musculoskeletal conditions. Scientific evidence is also
“bioaccumulating” for a clinical imperative to mitigate exposure where possible
and to optimize host defenses, generally through strategic nutrition and functional
adaptations.
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PERSISTENT ORGANIC POLLUTANTS

POPs are a broad category of synthetic chemicals including polychlorinated
biphenyls (PCBs), dioxin, chlordane, and DDT. POPs are pervasive chemicals, in
that they persist in the environment due to limited ability of biota to metabolize
or degrade them. POPs can be categorized as follows:

1. Hormone disruptor biocides (pesticides, fungicides, mitocides)
• Cholinesterase inhibitor organophosphate pesticides
• Halogenated pesticides.

2. Solvent residues
• Chlorinated compounds (chloroform, methylene chloride, ethylene

chloride)
• Other halogenated compounds (brominated, fluorinated, iodinated)

used most commonly as artificial food dye colorants, as radio-
contrast agents, and art materials.

Even though some POPs have been banned or are restricted in use by some
countries, POPs are, as their name suggests, persistent in the environment. They
evaporate slowly into the atmosphere and aquifers and disperse around the globe.
Living organisms then concentrate these fat-soluble chemicals in fatty tissues.

Adverse effects on human health can begin at thresholds below direct detec-
tion. In the case of dioxin, PCB, polybrominated biphenyl (PBB), and related
compounds, human health risks emerge at the parts per trillion (ppt) level. This
is in contrast to most laboratory tests that are only able to measure down to parts
per million (ppm) levels of detection. In other words, we now routinely have bio-
logical health effects at amounts of materials in our bodies below our ability to
detect them.

TOXIC METALS

While toxic metals with balanced electrons, such as metallic lead or mercury, are
of low direct human toxicity,3 their surprisingly ready conversion under physio-
logical conditions to substantially more toxic biologically active forms (e.g., diva-
lent methylmercury, dimethylmercury, mercuric sulfides, and other mercurous or
mercuric compounds, ethyl-lead, etc.) continues to be a major public health risk.4

Biologically active TMs are considered by Nriagu and Pacyna to be the most
toxic of all the toxic anthropogenic exposures5 in the biosphere even when com-
pared with POPs and ionizing, xenobiotic radioisotopes.

The common TMs encountered in North America are lead (Pb2�), mercury
(Hg2�), arsenic (As2�), cadmium (Cd2�), nickel (Ni2�), and aluminum (Al3�).
Except for trivalent aluminum and exotic multivalent minerals, TMs are divalent.
This predicts their transition state biochemistry.
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Primary sources of TM exposure in humans include:

1. Medications and devices including amalgams and vaccines.
2. Metallic TMs in occupational or recreational settings.
3. Fungicides in interior environments or in agriculture.
4. Recreational exposures including from leaded glass decanters for

beverages or ceramics used for food, ceramic glazes used by artists
and commercial glazers, commercial uses of solders and fluxes.

5. Water and aerosol contamination.
6. Dietary sources including fish, fowl, such as commercially raised

chicken, beef, and game. Generally, the higher up the food chain, the
greater the contamination.

Living in an industrialized society exposes all inhabitants to metals and POPs in
the environment. Substantial sources of highly toxic compounds can greatly enrich
an environment in a toxicant without public awareness. These largely invisible depo-
sitions are bioidentical and just as toxic as the exposures of which we are aware. For
example, while 200 to 600 tons of mercurial toxicants are annually added to the
American ecosystem from all anthropogenic sources, an additional 100 tons of mer-
cury is derived from trans-Atlantic tiny dust particles. Additional metric tons may be
added by the trans-Pacific plumes of aerosol toxicants from the Pacific Rim. These
are carried in the upper atmosphere and contain enough mercury and arsenic to qual-
ify as mineable ore if only this dust could be trapped before it reaches the southern
United States and Caribbean Basin.6 This last environmental burden was unknown
until as recently as 1990. This illustrates how substantial sources of “high toxic
effects compounds” can greatly enrich an environment in a toxicant without general
awareness of the influx of that toxicant. These largely invisible depositions are
bioidentical and just as toxic as the exposures of which we are aware.

Toxic metals are potent metabolic, hormonal, immune, and gene toxins.7 For
example, continued exposures to TMs that bioaccumulate, above about 1 part per
billion (ppb),8,9 impose long-term human health risks, particularly for increased
chronic autoimmune and cardiovascular illnesses.10

With regard to lead, the evidence base of pervasive subacute toxicities is par-
ticularly well documented and well reviewed elsewhere.11

Living in an industrialized society exposes all inhabitants to metals and POPs
in the environment. Some minerals are essential for life. To some extent, benefi-
cial minerals are antitoxic in that they block or compete with the TMs. In other
words, people with adequate stores of buffering minerals block the uptake and
facilitate the excretion of TMs from the body in all excretory pathways. These
pathways of excretion include urine, stool, sweat, desquamated skin, hair, nails,
and breath. The antitoxic minerals work best when the amounts, balance, and
ratios provide ample reserve pools to draw upon. The particular minerals involved
are potassium and sodium, calcium and magnesium, zinc and copper, chromium
and vanadium, manganese and molybdenum, selenomethionine and iodides, etc.
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Some minerals, like selenium, have proper, bioactive form (selenomethionine
and selenocysteine) and can form stable, permanent, covalent links with biologi-
cally active mercury or arsenic (and probably other divalent TMs), thereby detox-
ifying them. These stable complexes are not easy to remove and may remain in
the body for periods of years to decades. Their “balanced electron” relatively low
toxicity reduces the priority placed on their removal from the host. In contrast,
other forms of selenium commonly used in supplements do not have this benefi-
cial property, yet are more toxic.

TMs and POPs are an acquired and reversible health risk for over 80 million
Americans. The human cost is a reduction of 8.8 years of life for the average per-
son due to the effects of these toxicants.12 This is a biological tax of 10% of most
people’s life span. The direct disease care costs induced by TMs are calculated,
in aggregate, to be in excess of $100 billion annually.13

This means that we could fund a transition from our current symptom-
reactive, sick care focus to a proactive, intoxication prevention program out of
savings from sick care costs not incurred. The public health risk from TMs is even
greater due to observed but not extensively defined or replicated synergies of
mineral toxicities.14 Since TMs and POPs both bioaccumulate and bioconcen-
trate, the adventitious exposures are likely to increase greatly just at the time that
internal reserve mineral and antioxidant protectors are at their highest. Chapter 25
addresses the importance of alkaline balance and of avoiding both metabolic
acidosis and catabolic illness.

TMs and POPs are among “nature’s mimics” in that they can bring to sub-
stantially greater intensity a wide variety of clinical conditions including
fibromyalgia, rhabdomyolysis, chronic pain, osteoporosis, birth defects, and
autoimmune syndromes. TMs and POPs potentiate these highly diverse condi-
tions due to their common yet variable expressions of free radical pathology,
made worse in the face of antioxidant deficits and metabolic acidosis.

Understanding this molecular pathophysiology allows us to enter a new era of
clinical medicine where comprehensive, integrative care plays an important role.
Identifying the role of clinical chronic subacute (low-level yet persisting) TM and
POPs actions is integral to “identify and mitigate the causes rather than focus on
relief from the symptomatic consequences” of philosophy of care that differenti-
ates integrative and comprehensive care as a specialty from conventional internal
medicine and family practice.

Among the effects of TMs and POPs are the following molecular conse-
quences for cell functions:

1. Metabolic uncoupler: Inhibits cytochrome I to coenzyme Q10 transfer
in the mitochondria, the cells energy producing detoxifying saprophytic
organelle. This reduces ATP (high-energy compound) production, thus
reducing the functionality of those parts of the cell consuming the most
energy; generally, this means the most metabolically active and func-
tionally important component of the cell becomes starved for energy.
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2. Hapten immunotoxins: Small molecules that bind to and distort the
structure of the body’s own proteins, from globulins to insulin, from
lipoproteins to macroglobulins, thus increasing the probability of
autoimmune, chronic illness.

3. Enzyme inhibitor: For cell regulatory control kinases and other
enzymes with cysteine or thiamine (B1) sulfhydryls at their active
site. Phosphodiesterase, superoxide dismutase (SOD), and nucleotide
binding protein (NBP) are examples of particularly vulnerable, func-
tionally vital enzyme catalysts.

4. Anti-antioxidants (pro-oxidants): TMs and POPs are pro-oxidants
that induce excessive consumption and wasting of glutathione and
ascorbate. These two antioxidants are at the center of the antioxidant
recycling network that protects delicate cell components from free-
radical oxidative damage when we are in physiologic homeostasis
and immune tolerance. Once antioxidants are selectively depleted, free-
radical damage can run rampant in oxidizing and making important cell
systems dysfunctional. Chapter 7 by Harris and Baer addresses this in
more detail.

5. Bioconcentrate: These toxicants bioaccumulate in critical and most
unfortunate places within the body like the choroids plexus where
spinal fluid is produced to the loop of Henle where the kidney con-
centrates toxins for excretion into the urine. This reduces the body’s
functionality and accelerates biological aging.

ABSENCE OF EVIDENCE IS NOT EVIDENCE OF ABSENCE

With regard to POPs and possible interactions among chemicals, of the 104,000
chemicals introduced into the environment through made-made novel synthesis,
barely 4000 have been studied at all and barely a handful have been studied for
their interactive toxicities. The absence of data is not a basis for assuming the data
of absence exists.15

An example of absence of evidence is the immune system’s response to
toxins, even once removed. There are T-helper lymphocytes that are involved with
delayed allergy reactions to haptenic* immunotoxins such as TMs. Clinically, this
can be functionally measured by a classic memory enzyme linked immunosorbed
assay (MELISA) modification of thymidine incorporation or by the LRA by
ELISA/ACT tests that assay kinase activation prior to inducing thymidine incor-
poration and cell mitotic division. These technologies show us that even tiny
amounts of internal or environmental exposure to a substance that induces an
immunotoxic hypersensitivity reduces immune defense abilities and induces
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deferral of immune repair. When this becomes the usual condition, we become
hospitable to “whatever is going around.”

Another example of absence of evidence is the toxin’s damage to energy pro-
duction. Among the effects of TMs and POPs when they bioaccumulate in cells
is apoptosis of mitochondria. After mitochondria commit this programmed cell
suicide, the cell’s overall death is not far off. In contrast, protection and rehabili-
tation of mitochondria is central to lifelong health maintenance, restoration, or
enhancement.

The effects of TMs and POPs are more destructive when low cellular miner-
als (particularly potassium and magnesium) predispose the cell to metabolic aci-
dosis. Intracellular depletion of potassium and magnesium can cause metabolic
acidosis regardless of how well compensated the blood pH may be. The combi-
nation of metabolic acidosis and TMs and POPs accelerates mineral leaching
from bone to buffer the excess acids the kidney needs to concentrate and excrete
without damaging itself, to the extent possible. This means that osteopenia and
osteoporosis are accelerated. Among the other effects are shifts within cells from
elective production of structural proteins and Metallothionein to a survival mode
for the cell such that only actions needed for the cell to avoid death are performed.

Elective and protective elements are no longer produced. Toxic effects of TMs
are further potentiated in this situation. Unhealthy hormone metabolites may
accumulate rather than be excreted owing to toxic damage or lack of cell energy
required to “pump” toxicants out of the body and into urine, stool, and sweat
while healthier hormone products, in contrast, may not be made. Further, we
know too little about the interactions of low-level persistent TMs. What little we
do know suggests there is synergy of toxic effects when two or more TMs are
concurrently present.16

RISK OF BIOACCUMULATION OF TOXICANTS:
A MATTER OF BALANCE AND HOMEOSTASIS

Bioaccumulation of TMs or POPs is a function of intake and output balance.

Intake 	 Output � Residual (remainder in body)

The integral of this simple input–output model determines individual body
burden. For example, if

Intake (high) 	 Output (low) � Increase in toxic burden

1. Intake (high) 	 Output (high) � Steady state, high risk state
2. Intake (low) 	 Output (high) � Decrease in toxic burden
3. Intake (low) 	 Output (low) � Low exposure

Goal: Intake (low) 	 Output (high) � Body burden reduction
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It is possible to reduce, but not avoid, intake as discussed earlier. It is also
possible to increase output to reduce the residual, or total body burden. In other
words, low intake and high capacity to excrete toxins is a feasible clinical evidence-
based goal.

Note that high output is associated with elective synthesis of Metallothionein,
polypeptides made largely of glycine and cysteine with zinc or magnesium as the
counterion. When these biological detoxifiers are produced, substantial TM trap-
ping capacity is observed in the gut, the plasma, and the cerebrospinal fluid.

INCREASING OUTPUT TO REDUCE BIOACCUMULATION

William Walsh of the Pfeiffer Treatment Center, Wheaton, IL, reports a link
between the above basic science genetic and phenotypic data, suggesting a
hereditary or xenobiotic pseudogenetic predisposition to mercury toxicity and
T-lymphocyte hypersensitivity (DTH). The emerging data make thimerosal expo-
sure at times of distress or impaired detoxification particularly troublesome.
Thimerisal typically contains 5 to 7.5 µg of ethylmercury per vaccination dose.

High output of toxins from the human body is associated with elective syn-
thesis of Metallothioneins. Under normal circumstances, there is a large concen-
tration of the protein Metallothionein waiting in the intestines, as a sentinel, to
interact with the mercury or other TM and detoxify it before it enters the body.

Each Metallothionein molecule has binding sites for seven atoms of zinc plus
variable amounts of magnesium, selenomethionine, and glutathione. Structurally,
it is a linear protein of 61 amino acids with 20 or more cysteine or cystine-active
sulfhydryls. Its job is TM detoxification. It is present in high concentration in the
GI tract and in the liver, but it is present in every cell in the body. When present,
it protects the GI tract from all of the nasty things that TMs like mercury can do.
However, its production is elective. Metallothionein production occurs only when
the body is healthy, alkaline buffered, and in homeostatic equilibrium. In states of
hormonal, neurochemical, or immune distress, Metallothionein production can be
substantially downregulated.

If you take somebody whose Metallothionein system is working well, how-
ever, the mercury forms covalent links to other, active sulfhydryl
groups. The sulfhydryl groups in active site of certain enzymes in the
gastrointestinal tract include the enzymes that break down casein from
cow milk and gluten from wheat and other grains. A Metallothionein
disorder, therefore, is often associated with major digestive and dysbio-
sis problems as well. Most typically, wheat and casein intolerances and
other delayed T-cell mediated allergic hypersensitivities occur. These
individuals are also prone to intestinal inflammation and enteropathy.

Metallothionein is a family of four proteins (1,2,3, and 4). Metallothioneins
1 and 2 are ubiquitous and present in every cell in the body.
Metallothioneins carry out innate antioxidant functions and deliver
zinc wherever it is needed.17
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Metallothioneins are also responsible for homeostasis between copper and
zinc. These trace elements, in turn, are related to production of specific hormones,
cytokines, and neurotransmitters. For example, for the zinc or copper requiring
enzyme catalysts to convert the right amount of dopamine into norepinephrine,
copper to zinc balance and sufficiency are required. This is discussed in more
detail in Chapter 13.

Walsh and colleagues have used the plasma zinc–copper ratio as an indicator
of properly functioning Metallothionein. They use it as an indicator of “toxic-
coping ability.” They report that, if you have a population of:

1. Obsessive–compulsive (OC) individuals, the ratio between plasma
zinc and serum copper will be around 0.8.

2. The healthy range, based on nearly 100,000 individuals, is about 1.0.
3. Walsh et al. have examined 5700 individuals with attention-deficit

disorder and the mean ratio is 1.17.
4. For children who exhibit violent behavior, the ratio is typically � 1.4.

Walsh suggests that impaired homeostasis for copper and zinc correlates with
poor Metallothionein function. The detailed influence of supplementation on nor-
malizing these ratios and their impact on function and performance are, as yet,
unreported.18

REDUCING IATROGENIC INPUT

If you study people with amalgams, many of them show few adverse effects.
Similarly, most children who receive vaccinations containing thimerosal go
through this experience without many notable adverse effects. Perhaps these are
the individuals with adequate ascorbate and glutathione, magnesium and zinc,
selenomethionine and sulfur from dietary sources (including breast milk from
mothers whose antitoxic levels are high). These individuals are protected and are
at relatively low risk. When zinc, selenomethionine, and magnesium are marginal
or deficient, Metallothionein loses functionality.19 Such individuals are sensitive
and at high risk of the adverse consequences of TMs and POPs.

The Swedish experience is the most rigorous and extensive regarding toxicity
from dental materials, particularly mercury amalgam. Lindh pioneered research
using nuclear probe microscopy for minerals in biomedical analysis.† Neutrophil
(granulocyte) mercury was compared between patients with mercury amalgams who
were sick and controls (i.e., people with mercury amalgams who were not sick).
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The results showed that the patients who had amalgams and who were sick
had detectable mercury in their cells and that the controls did not show bioaccu-
mulation of mercury.

In addition, the concentrations of other elements such as magnesium, calcium,
manganese, iron, and zinc were more than one standard deviation below in the
patients and not in the asymptomatic controls. Examination of elements in the
nucleus showed a maldistribution of zinc, which correlated with the presence of
mercury in the nucleus of the neutrophils. There is a typical zinc distribution in
the nucleus of the neutrophil granulocyte. In contrast to this normal situation, the
patients who had mercury burdens showed an abnormal distribution and an inva-
sion of mercury into delicate nuclear or nucleolar centers. Mercury in the nucleus
correlated with the decreased zinc in those areas. Whether mercury caused the
mineral aberrations or if preexisting mineral deficiencies predisposed to mercury
remains to be determined. In summary, by using sensitive probes, Lindh clearly
demonstrated the presence of mercury in the cells of patients who had amalgams
and who were sick, and the absence of mercury above threshold levels in the cells
of asymptomatic controls with amalgams.

The majority of metals that are used in dentistry belong to the transition group
in the periodic table. A general characteristic of these elements is that they have
an uncompleted electron shell, either in the natural or oxidative state. Since elec-
trons always exist in pairs, transition metals form strong complexes with both
organic and inorganic ligands. The memory cells are long-lived and can be
detected in the blood of sensitive individuals, prior to the appearance of objec-
tively documented clinical symptoms.

Stejskal and Lindh, elucidated the immune response that mercury may
trigger. The research agrees that T-lymphocytes play a role in all types of aller-
gic and autoimmune reactions.20 This makes them evident candidates as markers
for metal-induced sensitivity. After contact with an antigen, T- and B-lympho-
cytes that are antigen-specific for that substance correlate with inflammatory
reactions that lead to cell damage when repair is delayed or blocked. Repeated
exposure with the same or a chemically similar cross-reacting antigen will
immediately induce a faster, secondary immunological reaction initiated by the
memory cells. Cytokine release will activate other cell types and the result is
either beneficial for the body when repair is facilitated or, in the case of repair
deficient autoimmune diseases, a pathological consequence. Human lympho-
cytes can be stimulated in vitro with various foreign substances called mitogens.
The lymphocyte stimulation test has been used for 30 years as routine analysis
for evaluation of cellular immunity and clinical immunology, as well as for
diagnoses of allergic reactions to medicines, metals, and other substances.
Specific stimulation is based on the fact that every person’s immune system
remembers the antigen that it has previously been programmed to remember.21

Such a reaction gives rise to memory T- and B-lymphocyte cells that circulate in
the bloodstream and defend as needed the individual against foreign substances
including:
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1. Xenobiotics and other synthetic small molecules (mostly haptens).
2. Partially digested, immunoreactive food digestive remnants.
3. Pathogens including bacteria, parasites, viruses, or anything recog-

nized by an individual as foreign to their immune system.

Other types of white blood cells are dendritic cells such as monocytes and
macrophages, endothelial cells and fibroblasts, astrocytes and Kupfer cells. These
cells perform various functions such as presentation of processed antigens to
naive unprogrammed lymphocytes and removal of toxic substances; thus, they are
termed “scavenger” or dendritic cells. They are short-lived with a typical life
span of 8 to 12 hours in the body. Tests that employ changes in short-lived gran-
ulocytes are not using contemporary technology for functional immune system
predictive response. At best they are looking “through a glass darkly” and over-
interpreting aggregate particle changes as lymphocyte-specific changes, which
they probably are not. The possibility to diagnose delayed allergy (hypersensitiv-
ity) with the help of lymphocyte stimulation tests rests on the fact that in the case
of low molecular weight substances (haptens), antigen-specific memory cells are
present in patients with allergy symptoms, but not in healthy exposed individuals.
Further, since memory cells circulate through the body, the sensitization or
allergy is always a systemic phenomenon. The term local allergy often used in the
case of oral mucosal changes indicates ignorance of modern immunological prin-
ciples. The majority of the lymphocytes that operate in cell-mediated reactions
are T-lymphocytes. T-lymphocytes play a key role in the development of all types
of allergic and autoimmune disorders. The identification of the antigenic struc-
tures (epitopes) involved in allergy and autoimmunity is a “hot field” in current
research. One method of autoimmunity is that metals bind to the sulfhydryl
groups on proteins and alter their three-dimensional structure. The immune
system recognizes the altered proteins as foreign and an autoimmune process
starts, often with condition-specific imbalances in Th1 and Th2 populations of
lymphocytes. TMs and POPs can affect the immune system in several ways. In
the oral cavity, high concentrations of metal ions may suppress the immune
response and result in immunosuppression. This could explain why the oral
mucosa contains only a low number of cells with the capability to present antigen
to T-lymphocytes. This may also be why mucosal changes adjacent to metal fill-
ings are rarely seen. Higher concentrations of metals can also upregulate immune
reactions (called the polyclonal or nonspecific stimulation) and such responses
are seen in individuals with intact immunity.

In contrast, in some hereditarily predisposed individuals, TMs may act as
haptenic immune reactors. To be able to use the conventional lymphocyte stimu-
lation test for diagnosis of metal-induced allergy, it was necessary to modify the
test in such a way that only the antigen-specific reaction was measured. This was
achieved by reducing the concentrations of the metals added to cultures. Since
antigen-specific memory cells in the blood are relatively few, the number of
lymphocytes in the metal cultures was increased, and the number of other cells
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that could affect the lymphocyte proliferation negatively was reduced. This
version of the lymphocyte stimulation test is called MELISA. Another advanced
lymphocyte response assay is the LRA by ELISA/ACT tests system.

In short, MELISA or LRA by ELISA/ACT enables individuals who are
immunoreactive to mercury and other metals to be identified. Furthermore, after the
removal of amalgam and replacement with nonmetal composites or the systematic
reduction in immunoreactive exposures, the lymphocyte stimulation test often
reverts to nonreactive. This “resetting” of immune responses typically takes 6 to 18
months. These changes parallel the decrease in concentrations of mercury inside the
neutrophil granulocyte. The dental research in this regard in Sweden is well docu-
mented by Hudecek, a capable biological dentist. Following dental amalgam(s)
removal, his data showed that 76% of patients reported long-term health improve-
ment, 22% reported unchanged health, and 2% reported a worsening of symptoms.

Recently, Lindvall reported that at 1 to 2 years following amalgam removal,
about a quarter of the patients had completely recovered from their chronic
autoimmune or immune dysfunction syndromes, half were substantially
improved, one fifth showed no change, and one twentieth (5%) were worse off
than before. This latter group was mostly patients who had improper or prema-
ture amalgam removal.22

QUANTIFYING INDIVIDUAL EXPOSURE

Evaluation of a person suspected of chronic clinical metal toxicity and heavy
metal sensitivity or POPs burden23 can be based clinically on the following:

1. Determining the body exposure and burden of the TMs, POPs, and
the relevant nutritional antitoxic metals on an appropriately provoked
specimen is the current state of the art of testing and determining
probably (?) clinical body burden at a sufficient level of precision to
warrant clinical management based on the provoked urine quantita-
tive information. In addition, unprovoked urine may be employed as
a preprovocative testing screening assessment but is not routinely,
clinically necessary.

2. Penicillamine (D-Pen™, Cupramine™) is an example of a mineral
binding or chelating compounds that has been standardized for
provocative testing and therapeutic monitoring. Penicillamine has
been standardized as a challenge agent for cellular toxic and nutritional
mineral content. Other chelators are in development, while a variety
of selective chelators are currently available, varying with local regu-
latory practices.

3. Further, the timing of detoxification is best accomplished when host
systems for sequestration and rapid elimination of toxin are facilitated.
For example, removal of mercury containing amalgams (if needed)
should follow a systematic program to enhance dietary intake of
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detoxifying foods and to reduce the mobilizable burden of TMs or
POPs. Examples of “detox” foods are garlic, onions and ginger, bras-
sica sprouts, and eggs. Each of them can block uptake and bind
(thereby detoxifying) TMs, most POPs, and other sources of biologi-
cally active sulfur compounds to accomplish the same effects.
Individualized therapy by clinically experienced professionals is
needed to guide supplementation, lifestyle changes, and attitudinal
healing.

Confirmatory, follow-up testing is encouraged at 3 to 6 months following the
initiation of therapy. In many cases, otherwise unexpected additional toxicants or
essential nutritional mineral deficits will be revealed. It is cost-effective to engage
these elements of comprehensive and integrative care. This reduction in human
morbidity can be linked to the reduction of biologically active TMs/POPs and the
enhancement of antioxidant, antitoxic stores in the person.

REMOVING TMS AND POPS

Now we will look at the practical aspects of identifying nutritional and TM body
burden by provocation testing using penicillamine as an example of a validated
oral protocol.

Penicillamine Protocol for Determining
Toxic and Nutritional Mineral Status in Cells by
Noninvasive Provocation into the Urine

Purpose: Determine the body’s burden of mobilizable, potentially toxic metals
and the divalent minerals altered when toxins are present.
Method: A 24 hours urine test during a short noninvasive provocation using oral
d-penicillamine (Cupramine, D-Pen, dimethylcysteine, mercaptovaline) or acetyl-
penicillamine, prescribed by a physician.
Protocol:

• The average-sized adult is prescribed 500 mg of penicillamine or
N-acetyl-penicillamine with each meal and before bed for 3 days.
Generally, two capsules of 250 mg each are taken four times a day.
This is a total of 2 g each day. The dose is based on 30 mg/kg body
weight. If weight is under 100 or over 300 lb, calculation of dose is
recommended. For example, a 100 lb adult weighs 45.5 kg. A daily
dose of 1590 mg (~1500 mg) is recommended. This would most
easily be achieved by giving 2 � 250 mg capsules with breakfast,
dinner, and at bedtime (2 capsules TID). By comparison, a 350 lb
person weighs 160 kg. At 30 mg/kg, this calculates to a daily dose of
4800 mg (~4750 mg). This means taking 5 � 250 mg capsules with
each of three meals plus 4 � 250 mg capsules at bedtime.
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• This short course of penicillamine avoids the rare but important side
effects of longer-term therapeutic doses of the drug as discussed in the
Physicians Desk Reference. Inform patients to discontinue taking the
medication until otherwise instructed if there is an adverse effect.

• Begin urine collection on the morning of the second day. This is
24 hours after initiating the penicillimine. Collect all urine in a heavy
metal-free container, which is usually provided by the doctor or the
laboratory. Urine must be collected for a full 24 hours cycle. If a urine
sample is missed, the collection is incomplete and the protocol should
be resumed 1 week later. Urine collected in an incomplete sample may
be poured out and the same collection container reused.

• Take the completed urine collection to the laboratory promptly. The
total volume is an important part of the information to be sent to
the analytic laboratory. It is desirable, although not necessary, to keep
the urine refrigerated during the collection period.

• Analyze the results. Typical penicillamine provocation reference
ranges are included in Table 29.1.

• Please note that a third-day collection cannot be compared with the
standardized second-day collection results. Because the specimen is
provoked by d-penicillamine, it should not be used for mineral bal-
ance studies. The specimen may be used to check kidney function and
to analyze for most hormones and neurotransmitter metabolites.

• If substantial total TM tissue burdens are documented, oral pulse
therapy (2 days/week) with penicillamine is recommended. Use
7.5 mg/kg QID, on the two days each week for 3 months. After
3 months, retest the urine by the penicillamine provocation test to
determine the residual TM being eliminated as well as for comparison
of nutritional mineral status. For example, are they assimilating what
is being given or do they have enteropathy with consequent reduction
in mineral uptake? Do they have a particularly high need for particular
minerals for their unique metabolic balance state, type, or condition
based on functional tests?

The short course of penicillamine avoids the rare but important side effects of
longer-term therapeutic doses of the drug as discussed in the Physicians Desk
Reference. Patients should be advised to discontinue taking the medication if any
adverse response is observed until otherwise instructed by a clinician.

Interpretation and Substantiation of Penicillamine Protocol

Each laboratory has an applicable reference range for each mineral assayed.
Elevation above the range reported by that laboratory is indicative of increased
tissue stores of that heavy metal. Tissue status of nutritional minerals may also be
assessed in this way. Typical penicillamine provocation reference ranges are
included in Table 29.1.
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MANAGING MODEST AMOUNTS OF PROVOKED TMS

Patients are advised to follow the alkaline way diet. Eighty percent of this
diet comprises alkaline-forming foods. Alkaline-forming foods add bicarbonate
rather than hydrogen ions. One way patients can assess results of their diet is by
monitoring urine pH. Refer to Chapter 25 for the alkaline way diet protocol.

This diet should be combined with sufficient amounts of antioxidants plus
minerals (potassium, calcium, magnesium, and zinc as their fully ionized, fully
soluble ascorbates, aspartates, citrates, malates, succinates, fumarates glycinates,
or other fully soluble, nonallergenic mineral salts) to displace the TMs. Adequate
herbal tea, mineral water, or spring water helps to “wash out” these toxins.

A repeat provocative urine minerals test after 3 to 6 months is recommended
to confirm the reduction in available TMs.
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TABLE 29.1
Mineral value ranges for nutritional and toxic minerals in the second-day
24 h urine after d-penicillamine provocation, 7.5 mg/kg QID for 3 days
(N � 200)

Mineral element Reference range Reference range
mg/g creatinine mg/24 h sample

Nutritional
Calcium 310–620 400–900
Magnesium 250–550 350–700
Zinc 0.8–1.3 1.1–1.5
Copper 0.04–0.06 0.06–0.08
Iron 0.20–0.30 0.24–0.36
Manganese 0.005–0.007 0.006–0.008
Molybdenum 0.11–0.14 0.13–0.19
Boron 4.1–5.6 5.8–6.7
Chromium 0.19–0.30 0.21–0.33
Cobalt 0.04–0.06 0.05–0.07
Selenium 0.25–0.31 0.24–0.35
Vanadium 0.02–0.03 0.03–0.04

Toxic �g/gm creatinine ug/24 h sample
Lead �20 �25
Mercury �7 �9
Arsenic �120 �175
Nickel �16 �25
Cadmium �4 �6

Note: Values lower than the reference range in provoked specimens suggest deficiency of the above-
needed essential minerals. Adequacy of supplemental intake to replenish deficits can be monitored by
repeat d-penicillamine provocation every 3 months.
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MANAGING MORE THAN MODEST AMOUNTS OF PROVOKED TMS

Use penicillamine twice a week (e.g., Mondays and Thursdays) for 30 to 60 days
at 7.5 mg/kg taken QID (500 mg/QID for most adults) with supplemental
calcium, magnesium, and zinc particularly on the nonpenicillamine days to
replace these minerals (which penicillamine will chelate along with the other
divalent [double charged] minerals along with toxic or heavy metals).

Therapeutic doses of antioxidants are beneficial as described. They include:

1. Buffered ascorbate based on ascorbate calibration to determine physio-
logical ascorbate need.24 Flavonoid/flavanol combinations (e.g., a total
of 1 to 30 g daily of quercetin dehydrate and soluble OPC) potentiate
the benefits of buffered ascorbate. Their need increases in proportion to
buffered ascorbate need as noted in the ascorbate calibration document.

2. Natural vitamin E (mixed tocopherols) 200 to 1600 IU/d with
tocotrienols (polycosanols) and selenomethionine.

3. A balanced, high-potency, high-activity B complex including para-
aminobenzoic acid (PABA) and selenomethionine.

4. A comprehensive micromineral supplement is recommended since
micromineral deficits are pervasive. From magnesium and potassium
to chromium and vanadium, from manganese and molybdenum to
zinc and copper we can measure the relationships of these key nutri-
tional minerals. Selenomethionine is the most active mineral form for
combining with and inactivating TMs.

5. Sulfhydryl-rich foods such as garlic, ginger, and onions; eggs; and bras-
sica vegetables (e.g., broccoli, cabbage, etc.). Make fresh ginger tea
(with raw honey to taste) a staple beverage. A thumb-size piece of fresh
ginger, finely chopped and steeped in hot water for 5 min contains over
5000 �g of TM-trapping sulfhydryl compounds. Ginger tea may be
made up ahead of time and may be drunk cool or cold if preferred.

6. Probiotics (8 to 20 Bn/day) containing multiple human strains
that have been cultured, harvested, and lyophilized (freeze dried) for
maximum activity and potency.

7. Carotenoids (e.g., 25 to 100 mg daily of the carotenoid family including
alphacarotene, betacarotene, lutein, cryptoxanthin, and pseudoxan-
thin) and vitamin D (600 to 2400 IU daily) for enhanced cell regulation
and resilience.

8. Adequate beneficial, essential fats (e.g., 0.5 to 5 g daily of total
omega-3 fatty acids intake) including conjugated linoleic acid,
docosahexaenic acid, and eicosapentenoic acid (EPA) as discussed in
detail in Chapter 4.

Enhancing antioxidant levels is demonstrated to improve flowing blood in
metabolically and hormonally active cells, the blood–brain barrier and the
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choroid plexus, the enterocytes in the digestive tract, metabolically active nerve,
endocrine, immune and hepatic cells, sexual function, and skin.

PENICILLAMINE IN CLINICAL PRACTICE

Penicillamine was found to bind copper in the body and safely mobilize it for
excretion in the urine (and stool and sweat) of patients with Wilson’s disease25 for
which it has remained the treatment of choice for almost half a century. Walsh has
reported the safe and successful use of penicillamine in pregnant women, infants,
the elderly, and the infirm.

In nonhuman species, lead in bone seems to be even more effectively mobilized
by penicillamine than lead in soft tissues.26,27 However, CaNa2 EDTA is reported
to be a more effective lead chelator than penicillamine in vitro in tissue culture.28

Questions have been raised about the safety of using any agent for low-level TM
detoxification because some animal studies report that lead may redistribute into
soft tissues such as the choroid plexus (where spinal fluid is produced) or the
urine concentrating loop of Henle in the kidney after CaNa2 EDTA therapy.29

Concerns of this type have been raised about all oral chelators although less with
regard to penicillamine than any other substance because of the tight bond
between TMs and penicillamine.

LEAD, MERCURY, ARSENIC, CADMIUM,
AND NICKEL MOBILIZATION BY PENICILLAMINE

Clinical benefits of penicillamine are described by Sachs et al.30 and Vitale et al.,31

but not by Marcus32 (who administered penicillamine while the study subjects
continued to live in lead exposed environs). This may well explain the less
dramatic decline in blood lead levels in the Marcus study.

In Chisholm’s study, children removed from further exposure and treated with
penicillamine showed more rapid decline in blood lead levels and in the reversal
of hematologic toxicity than the decline in toxicities resulting solely from elimi-
nating the lead exposure sources.33 In contrast, the study by Rogan et al.34 did not
confirm these findings. This study has been criticized as flawed in method
because the environment of the children studies was not mitigated for continued
TM exposure during the study period.35 In other words, simple use of a chelator
is insufficient if you leave the person in the intoxicated environment without
mitigation.

In addition to lead, penicillamine also mobilizes and facilitates the safer
excretion of TMs36 including mercury,37–44 arsenic,45–50 cadmium,51–53 and nickel.54

Inconsistent reports of efficacy have been published. On balance, these may
reflect lack of attention to sufficient reducing substance (ascorbate) to enhance
TM mobilization and excretion while maintaining the more effective reduced
form of penicillamine rather than its disulfide. An additional factor that reduces
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TM mobilization is metabolic cellular acidosis. Correction of magnesium buffering
deficit aids directly (by displacement) and indirectly (by correcting cellular aci-
dosis) enhanced TM mobilization. Magnesium, as the second most prevalent min-
eral inside healthy mammalian cells, is a major contributor to cellular buffering
and its absence induces cellular metabolic acidosis.55

The toxicity of penicillamine has been described based on its use for several
indications in both adults and children. Toxicity of the racemic mixture used
years ago to treat chronic arthritis in adults may account for the severity of some
of these symptoms and should never be used. In children, nausea and vomiting
appear more often at doses exceeding 60 mg/kg/d and may respond to a decrease
in dosage.56 This protocol uses 30 mg/kg doses for just 3 days for provocation.

When given daily and for prolonged periods (which we never recommend)
adverse blood and skin effects seem to be idiosyncratic hypersensitivity reactions
and are not dose related. Reversible leukopenia or mild thrombocytopenia
is reported in less than 10% of children in one study,57 but not with similar
dosages in two other larger series.58 This may have resulted from interaction
between penicillamine and pyridoxine (B-6).59 Supplemental B-6 is now routinely
recommended as part of penicillamine therapy (not provocation). Eosinophilia
(defined as � 18% eosinophils) has been noted in one fifth of high-risk children
treated daily for an extended duration with the older, less pure preparations of
d-penicillamine.60

Angioedema, urticaria, or maculopapular eruptions that require discontinua-
tion of drug therapy are reported at a rate of 0.5 to 1%.61 Still less commonly
reported reactions are proteinuria, microscopic hematuria, and urinary inconti-
nence.62 All of these relate to increased tissue permeability due to inhibition
of connective tissue cross-links when penicillamine is given on a continuing
daily basis and not when it is given in the pulsed manner recommended here.
All these problems are much less common today because of the higher purity of
d-penicillamine and improved understanding of its mechanisms of action and
how to separate them for clinical benefits.

Distribution in the body of penicillamine is widespread. Like amino acids
such as cysteine of which penicillamine is the dimethyl analog, as also is mer-
captovaline, it moves freely inside cells, subcellular organelles like the mito-
chondria and into deep tissue sites like the brain.63–70

Reactive foods or intestinal irritants such as ferrous sulfate71 may reduce the
peak level of penicillamine in blood by a third or more.72 Antacids or functional
hypochlorhydria73 decreases penicillamine absorption by as much as two thirds.74

As with all amino acids, peak blood levels are achieved when the amino acid is
given on an empty stomach. For provocation and for therapy, mean blood levels
are more important than peak blood levels. Thus, taking the penicillamine with
food is acceptable. Compliance with this regimen, individually as suggested
above, is high.

The recommended dose and duration of therapy with penicillamine have been
empirically derived. Doses have ranged from 100 mg/kg/d (in earlier studies) to
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20 to 40 mg/kg/d. Far fewer side effects are reported at the lower dosage range
used in provocation and TM mobilization. The duration of the pulse therapy
herein recommended is typically on Monday and Thursday for 3 to 6 months,
depending on the pretreatment provoked urine TM concentration. When used in
this pulsed fashion, penicillamine has become a first-line comprehensive care
treatment of choice over the several decades of its increasingly widespread use.

Penicillamine has the additional benefit of serving as a source of nitric oxide,
which facilitates cellular communication and improved vascular compliance.75

In addition, if substantial total TM tissue burdens are documented, oral pulse
therapy (2 days/week) with penicillamine is recommended. Use 7.5 mg/kg qid,
on the two days each week for 3 months. After 3 months, retest the urine by the
penicillamine provocation test to determine residual TM being eliminated as
well as comparison of nutritional mineral status. For example, are they assimi-
lating what is being given or do they have enteropathy with consequent reduc-
tion in mineral uptake? Do they have a particularly high need for particular
minerals for their unique metabolic balance state, type, or condition based on
functional tests?

CONCLUSION: DIAGNOSING AND MANAGING
MUSCULOSKELETAL CONDITIONS

This chapter focuses on TMs and POPs with emphasis on their clinical effects,
their diagnostic assessment, and their safer detoxification. This is particularly true
for the health of the body’s frame (structure; bones, joints, and extracellular
matrix), for metabolic balance (weight, obesity risk, insulin resistance), for man-
aging such “mystery syndromes” as fibromyalgia or myofascial pain syndromes,
as rhabdomyolosis or polymyalgica rheumatica, as chronic fatigue immune dys-
function syndrome (CFIDS) or adult failure to thrive syndrome; and for better
ergonomic function (athletic ability and injury risk).

With regard to bone health, toxic metals intercalate in bone matrix, decreas-
ing bone strength and falsely elevating apparent bone density. Further, many pol-
lutants adjust pH downward, away from homeostasis and into cellular metabolic
acidosis. As a consequence bone is dissolved to buffer and maintain serum
acid–alkaline balance even at great metabolic cost to cells and body structures.

With regard to metabolic balance and weight management (obesity, leptin
deficiency), TMs and POPs exacerbate the metabolic syndrome (syndrome X,
insulin resistance). This is discussed in more detail in Chapter 14. Since most
POPs are fat soluble (lipophilic), as one loses fat weight, toxins are released
into the circulation. Increased toxin burden and inflammatory markers have been
measured in clinically important amounts. The interaction (synergies) of these
toxicants is largely unstudied.

With regard to fibromyalgia and myofascial pain syndromes, rhabdomyolosis
(often induced by medications such as HMG-CoA reductase inhibitors or “statins”)
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and polymyalgica rheumatica, CFIDS and adult failure to thrive syndrome — can
be induced or exacerbated by TM excess, POPs. TMs and POPs are among
nature’s mimics in that they can bring to substantially greater intensity a wide
variety of clinical conditions. This has been well demonstrated in “metal fume
fever” in arc welders. Mitochondrial destruction leads to cell apoptosis.

With regard to ergonomics, ergogenics, and sports medicine, peak performance
is decreased when muscle mitochondria are damaged or intoxicated (metabolically
uncoupled). This makes the physical body more susceptible to repetitive motion
injury or pain from a less than ideal office chair to sit in during the workday. This
antiergonomic results links commonly with an antiergogenic effect. Some sports
may even lead to increased toxicity when protective antioxidants and buffering
minerals are insufficient to respond to the exercise challenge. An example is lead
exposure and bioaccumulation in Motocross racers. In other cases, the artist or
the draftsman, the computer programmer or the gardener get exposed to chemi-
cals that inhibit muscle repair.

Our established presumption of safety deserves to give way to a prudent cau-
tionary principle as is now being evolved in Europe and the Pacific Rim. This
means that the burden of proving safety rests with the innovator. This is in con-
trast to our current presumption of safety and after-market surveillance to iden-
tify risks or toxicities. The potency, prevalence, and predictable interactions of
modern synthetics/toxicant candidates, based on what we now know, has out-
stripped the ability of after-market surveillance to adequately protect public
health and safety in a timely and cost-effective manner.

The informed clinician now remains the patient’s advocate and safety net.
Nutrition and detoxification are therfore fundamental to first-line comprehensive
care.
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INTRODUCTION

This chapter will briefly describe which sports nutrition and dietary supplement
products work and which do not work for enhancing physical performance.
Physical activities require expenditure of metabolic energy over that required
for existence. Desire to perform physical tasks better is a common human trait,
especially in competitive sports.

Ergogenic aids are defined as agents capable of enhancing physical perfor-
mance or work. Nutritional ergogenic aids use the broad field of nutrition as an
agent to enhance physical performance. Nutritional ergogenic aids are ingested,
and have five basic functions: (1) altering dietary intake; (2) adding macronutrients;
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(3) adding specific micronutrients or metabolic intermediates; (4) adding specific
micronutrients found in the diet but not the body, such as caffeine; and (5) com-
binations of functions. This chapter will rank nutritional ergogenic aids for
(1) endurance exercise; (2) muscle mass, strength, or anaerobic exercise; and
(3) sports skills and exercise-associated health concerns such as mental perfor-
mance, muscle soreness, immune function, and musculoskeletal health. Effective
daily doses or guidelines are given in the tables when applicable. Mechanisms of
action will not be explored in this chapter.

The rather large amount of data are summarized in tables that have been
divided into three categories depending on the degree of ergogenicity: (1) consis-
tent ergogenic effects, which are sometimes conditional; (2) equivocal or limited
ergogenic effects; and (3) consensus on lack of efficacy. Nutritional ergogenic
aids are listed in alphabetical order within each class. Rating was assigned when
a consensus of research was reached as estimated by this author. Consideration of
ergogenicity was derived primarily from recent reviews, along with the weight of
evidence based on experience in reviewing this field and individual articles when
reviews were incomplete.

Supporting evidence is presented for nutritional ergogenic aids with consis-
tent ergogenic effects. These nutritional ergogenic aids have either reached a con-
sensus of efficacy from thorough reviews of multiple human studies or a majority
of original studies have reproducibly shown ergogenicity. Nutritional ergogenic
aids with equivocal or limited effects usually have some support for ergogenic
actions in well-controlled human clinical trials. However, there may also be trials
that did not find ergogenic actions, meaning a consensus is equivocal, and at this
point in time, is not agreed upon by reviewers. It is possible that with further
research, some nutrients may have reproducible and consistent ergogenic effects
under certain conditions. Other nutrients in this category have fewer than three
reports showing ergogenic effects. Some nutritional ergogenic aids are not con-
sidered ergogenic, nor is their status likely to change under any condition. A
majority or consensus of human studies have not found improvements in perfor-
mance from these ingredients as single agents. Ergogenic aids untested in human
clinical trials are not listed.

As with any rating system, conclusions are only as valid as the input.
Important research issues such as dose–response, statistical power, applicability
of measurements, study design details, statistical analysis, investigator bias, and
intrinsic variability of results affect the overall determination of efficacy. In the
field of nutritional ergogenic aids, these issues are routinely suboptimal, leading
to increased chance of type II errors (not finding a significant difference), and
thus, any sweeping conclusion is probably pessimistic in nature. However, the
available data, stressing controlled human clinical trials and reviews, have been
expressed in these tables.

Evidence for or against ergogenicity of nutritional products ultimately lies
in the hundreds of human clinical studies published in the peer-reviewed literature.
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Most of these reports have been assessed for this chapter, but are not cited
individually. However, when their number is not excessive, and there are few or
no reviews on the topic, individual papers are cited. The primary source of
evidence for this chapter is the large number of review articles, which in combi-
nation cite most original studies. Review articles may be “general,” examining
multiple nutrients, or “specific,” focusing on one nutrient or nutrient category.
Reviews represent expert opinions, and usually explore mechanisms of action not
considered in this chapter. However, no single review is complete or comprehen-
sive, and the level of thoroughness must be kept in mind when assessing conclu-
sions. As an example, a recent meta-analysis on caffeine and exercise found 
16 previous reviews on the subject, but each review only cited between 8 and
40 original articles each, whereas the meta-analysis examined 74 studies,1 and
this author has over 100 human studies accumulated. For some topics, there are
more review articles than original reports. Nevertheless, review articles, book
chapters, or books are important for the assessment of ergogenicity.

LONG-TERM ENDURANCE EXERCISE PERFORMANCE

Table 30.1 lists the nutritional ergogenic aids with evidence for improving
long-term endurance exercise performance. For most conditions, sports drinks,
carbohydrates, and caffeine are the most efficacious nutritional ergogenic aids
for endurance performance. The primary goal of sports drinks is to prevent dehy-
dration. Water can also accomplish prevention of dehydration in settings lasting
less than 1 h or in the absence of excess sweating, and is the most important
component of sports drinks. Antioxidants, mostly as tocopherols and combina-
tions containing tocopherols, have conditional efficacy for maintaining endurance
performance at high altitudes or hypoxic conditions.2–10 Caffeine has improved
aspects of endurance performance in a large number of studies.1–7,11–30

Carbohydrates before, during, and after exercise remain the most studied and suc-
cessful nutritional ergogenic aid for endurance performance.2–7,11–14,16,18–20,31–42

Carnitine salts,4,6,43–51 coenzyme Q10,
4,6,51–55 and ribose56–60 improve exercise

performance in persons with cardiovascular diseases, a topic largely ignored by
most reviewers. Ephedrine and ephedrine–caffeine combinations are not assessed
in this chapter because of the recently banned status of ephedrine by sports and
government agencies. Persons with iron-deficiency anemia or low ferritin stores
can return exercise performance to normal levels by iron supplementation;
however, iron supplementation to nondeficient individuals has not met with suc-
cess.4,6,7,22,32,34,61–64 Sports drinks simultaneously administer water, electrolytes,
and carbohydrates before and during exercise, and have become the mainstay of
nutritional ergogenic aids for endurance performance.3,4,6,7,11,15,18,19,32–34,36,38,65–71

When body water or electrolyte loss is high, fluids and sports drinks can prevent
serious adverse consequences.
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TABLE 30.1
Nutritional ergogenic aids for long-term endurance exercise performance

The majority of studies support maintenance of or improvements in endurance performance:

Nutrient Effective daily doses References

Antioxidants for high 400 mg tocopherol Comprehensive reviews: 2–7; 
altitudes (tocopherols, specific reviews: 8–10
specific combinations)

Caffeine 1.5–6 mg/kg 1 h before exercise Comprehensive reviews: 2–7,
11–23; specific reviews: 1, 24–57

Carbohydrates (pre-, 300 g low-fiber, low-fat, complex Comprehensive reviews:
during, postexercise carbohydrate meal 3–4 h before 2–7, 11–14, 16, 18–20, 31–37;
feedings) exercise; see sports drinks for specific reviews: 38–42

during exercise; 50 g high-glycemic
index carbohydrates within 1 h after
exercise and every 2 h (500–700 g
carbohydrates in 24 h)

L-Carnitine and salts 2.0–6.0 g Comprehensive reviews: 4, 6;
(only for specific reviews: 43–51
cardiopulmonary
disease patients)

Coenzyme Q10 (only 100–300 mg Comprehensive reviews: 4, 6;
for cardiovascular specific reviews: 51–55
disease patients)

Ribose (only for 10–60 g Comprehensive reviews: 56, 57;
cardiovascular specific reviews: 58–60
ischemic disease
patients)

Iron (if anemia or low 18–100 mg Comprehensive reviews: 4, 6, 7, 22,
ferritin stores present) 32, 34; specific reviews: 61–64

Sports drinks (water, 200–400 ml before exercise, Comprehensive reviews: 3, 4, 6,
electrolytes, 6 to 8% 100–150 ml every 15 min 7, 11, 15, 18, 19, 32–34, 36, 38;
carbohydrates) specific reviews: 61–64

Equivocal, conditional, or too few studies for adequate conclusions about endurance performance:

Antioxidants (N-acetyl-L-cysteine, ascorbate, beta carotene, carotenoids, coenzyme Q10, glutathione, lipoic
acid, selenium, soy isoflavones, tocopherols, and combinations), aspartate salts, branched chain amino acids
(BCAAs), L-carnitine and salts, coenzyme Q10, glycerol, herbals (singly or in blends — Cordyceps sinensis,
Eleutherococcus senticosus, P. ginseng, Rhodiola spp.), beta-hydroxy-beta-methylbutyrate (HMB), hyper-
hydration, medium chain triglycerides (MCTs), minerals (iron, magnesium, zinc), nicotinamide adenine
dinucleotide (NADH), omega-3 fatty acids, phosphates and other buffers (citrate)

The majority of evidence does not support improvements in endurance performance:

Bee pollen, calcium, choline, lecithin, phosphatidylcholine, creatine, dimethylglycine (DMG) and pangamic
acid, fat loading, L-glutamine, multiple vitamin–minerals (200% daily value amounts or less), Niacin,
octacosanol, ribose, royal jelly, selenium, single amino acids, spirulina (blue-green algae), succinate salts,
vitamin B combinations, wheat germ oil
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Editor’s Note

Ergogenics studies athletic competition and maximizing sports performance,
pushing the edge of human capacity a little further. Ergogenics differs from sports
nutrition in that the outcome measure is not health, but enhanced performance.
None-the-less, some ergogenic interventions improve overall nutritional status
and confer health benefits, particularly for athletes with advanced age, restrictive
diets, and preexisting health conditions.

MUSCLE MASS AND STRENGTH

Table 30.2 lists the nutritional ergogenic aids useful for increasing muscle mass,
strength, and anaerobic exercise performance. Supramaximal cycling and tread-
mill running are models for anaerobic exercise, rather than weightlifting, in the
majority of the clinical studies cited. These studies demonstrate that large doses
of sodium bicarbonate enhance short-term, intense anaerobic exercise perfor-
mance.2–4,6,7,13,14,17–19,36,56,72 Bicarbonate loading is not in common use, owing to high
prevalence of gastrointestinal side effects. Calorie intake enhances body weight and
muscle mass gain in resistance training programs.3,6,11,14,18,19,37,56,73–81 The increased
calorie intake in these studies was generally carbohydrate and protein combinations
in the form of powders or drinks. Creatine has become the most studied, noncaloric
nutritional ergogenic aid other than electrolytes and water. Creatine reproducibly
increases body weight, lean mass, power, torque, strength, and repetitive, short-term
anaerobic exercise performance.2,3,6,7,11–14,16–19,21–23,27,36,37,56,73–95 Beta-hydroxy-beta-
methylbutyrate, a leucine metabolite, has exhibited consistent effects on strength
and anaerobic exercise performance.3,6,16–18,22,34,36,56,75,76,78,96–99 Protein and amino acid
mixtures are more effective than controls at maintaining nitrogen balance and
muscle protein synthesis during intense training.2–4,6,7,12–14,17–19,34,36,56,73–75,81,100–109

Deficiency of magnesium and zinc is not uncommon among exercising individu-
als.4,22,111–115 Magnesium and zinc salts have been shown to replete these nutrients
and restore serum testosterone levels following overtraining.6,22,56,110

INDIRECT ERGOGENIC AIDS

The role of nutritional agents for promoting physical performance by indirect
methods is not as well developed as for substances that affect physiological path-
ways directly. Brief mention of nutritional manipulations of indirect effects is
warranted because of the strong possibility of ergogenic properties, and the need
for specific studies in physically stressed persons. Basic categories of mental
effects, musculoskeletal integrity, immune function, and tissue repair play vital
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TABLE 30.2
Nutritional ergogenic aids for strength, muscle mass, and anaerobic exercise

The majority of studies support maintenance of or improvements in muscle mass, strength, protein synthesis,
or anaerobic exercise performance:

Nutrient Effective daily doses References

Bicarbonate 300–500 mg/kg body weight Comprehensive reviews: 2–4, 6, 7, 13,
1 h before the event 14, 17–19, 36, 56; specific reviews: 72

Calories (usually 20–100 g of 1:4 protein–CHO Comprehensive reviews: 3, 6, 11, 14,
carbohydrate–protein combination 1 h before exercise 18, 19, 37, 56, 73–81; specific
combinations, 100–300 g of 1:4 to 1:1 protein– reviews: none
sometimes with CHO combination 0.5 to 2 h after
other ingredients) exercise

Creatine Loading dose 20 g/day for 5 days; Comprehensive reviews: 2, 3, 6, 7,
maintenance dose 2–5 g/day; or 12–14, 16–19, 21–23, 27, 36, 37, 56,
2–3 g/day long-term 73–81; specific reviews: 82–95

Beta-hydroxy-beta- 1.5–3.0 g Comrpehensive reviews: 3, 6, 16–18,
methylbutyrate 22, 34, 36, 56, 75, 76, 78; specific
(HMB) reviews: 96–99

Protein and mixtures 1.6–2.0 g/kg body weight Comprehensive reviews: 2–4, 6, 7,
of amino acids 12–14, 17–19, 34, 36, 56, 73–75, 81;

specific reviews: 100–109
Replenishing 450 mg magnesium and 30 mg Comprehensive reviews: 6, 22, 56;

deficiencies of zinc specific reviews: 110
essential minerals
(magnesium, zinc)

Equivocal, conditional, or too few studies for adequate conclusions about strength, muscle mass, or anaerobic
exercise performance:

Antioxidants (N-acetyl-L-cysteine, ascorbate, carotenoids, coenzyme Q10, glutathione, lipoic acid, soy
isoflavones, selenium, tocopherols, and combinations), caffeine, L-carnitine, CLA, L-glutamine and L-ornithine-
alpha-ketoglutarate (OKG), herbals (singly or in blends — e.g., Eleutherococcus, P. ginseng, Rhodiola),
omega-3 fatty acids, vitamin C

Majority of evidence does not support improvements in muscle mass, strength, or anaerobic exercise
performance:

Amino acid somatotropin secretagogues (arginine, arginine aspartate, arginine pyroglutamate, combinations,
glutamine, glycine, 5-hydroxytryptophan, ornithine, tryptophan, tyrosine), antiestrogenic herbal compounds
(chrysin, diindolylmethane, indole-3-carbinol), boron, calcium, carnosine, chromium, desiccated beef liver,
glandulars (adrenal, liver, orchic, pituitary), herbals (Coleus, combinations, Commiphora, Gymnema,
Lagerstroemia, Tribulus), inosine and other nucleotides (RNA, Brewer’s yeast), MCTs, multiple vitamin–
minerals (200% RDA amounts or less), myostatin inhibitors (Cystoseira canariensis algal extracts), nitric
oxide inducers (arginine, arginine alpha-ketoglutarate, various herbals), octopamine (Citrus aurantium
extracts, synthetic), phosphatidylserine, prohormones (DHEA, androstenedione, norandrostenediones,
norandrostenediols, others), ribose, single antioxidants (selenium, vitamin C, vitamin E, herbal phenolics),
sterols
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and interwoven roles in optimizing physical performance. At this time there are
some suggestive areas of research that indicate nutritional ergogenic aids may
enhance indirect effects, but practical guidelines for use are insufficiently devel-
oped for general recommendations. Thus, this chapter is intended to highlight or
attract attention to some areas where evidence for changing indirect effects exists.

MENTAL EFFECTS

Mental effects comprise several large areas of study: (1) psychological factors such
as mood, ambition, drive, aggressiveness, pain perception, or fatigue thresholds;
(2) neurological factors such as reaction times and neuromuscular control; and
(3) cognitive skills such as situational awareness, focus, and short-term memory.

Certain nutrients are known to improve mood and reduce depression and anx-
iety: B complex vitamins,6,116–118 S-adenosyl-L-methionine,119 and St. John’s wort
(Hypericum perforatum) extracts.120–122 It is assumed that improvement of mood
and reduction of anxiety indirectly improve performance and rehabilitation.123–127

Stimulants such as caffeine improve many mental aspects important to physical
functioning.1,7 Some nutrients, such as DL-phenylalanine,4,128 decrease perception
of chronic pain in certain conditions. Ratings of fatigue perception during exer-
cise have been lowered by fluid intake, carbohydrates, and caffeine during exer-
cise. Administration of branched chain amino acids has also been studied with
mixed results for effects on diminishing central fatigue.2,35

B vitamins (B complex, �500% daily value),6,117,129–132 caffeine (100 to
500 mg),1,7 Panax ginseng extracts (400 mg 4% ginsenosides),133,134 and octa-
cosanol (1 to 10 mg)3,4,6,56,135,136 can improve neuromotor skills, primarily reaction
times to auditory and visual stimuli.

B vitamins (B complex, �500% daily value),117,129–132 caffeine (100 to
500 mg),1,7 and P. ginseng extracts (400 mg 4% ginsenosides)133,134 can improve
cognitive skills under various conditions. Further research is needed to ascertain
whether consistent and reliable effects can be obtained with these nutrients in
physically stressed individuals.

Dyschronosis affects many traveling, competitive athletes. A Cochrane
Review meta-analysis found reproducible and meaningful amelioration of jet
lag, with accelerated acclimatization, after melatonin administration (0.5 to 5 mg
before local bedtime).137,138

MUSCULOSKELETAL INTEGRITY

Another potential is prevention of or improved repair of musculoskeletal
injuries.139,140 Protease supplementation has a substantial literature for enhancing
healing and reducing symptoms of acute, traumatic injuries, including sports
injuries.139,140 Glucosamine, chondroitin sulfates, and other nutrients discussed
in Chapter 21 may enable persons suffering from arthritis to start, resume, or
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increase exercise training.141–145 S-Adenosyl-L-methionine and several herbal
extracts have also shown reductions in symptoms in degenerative joint
disease.119,145,146

IMMUNE FUNCTION

Immune function is perhaps the most visible nonperformance means to enhance
or maintain performance. However, even though several review books, many
review chapters, and an entire journal (Exercise Immunology Reviews) are
devoted to addressing this topic, there are relatively few studies testing whether
specific nutrients reduce the incidence of upper respiratory tract illness and infec-
tions, especially in long-distance runners. Vitamin C (>1000 mg daily) is the
nutrient with the most data on preventing infectious events in exercising individ-
uals.147–150 A primary reason antioxidant supplements are not studied in isolation
is that they work synergistically with each other and with endogenously produced
antioxidants (Chapter 7).

TISSUE REPAIR AND RECOVERY

Delayed onset muscle soreness has been reduced by chronic, high doses of
vitamin C (400 to 3000 mg/day for at least 14 days).151–157 Effects of nutritional
agents with anti-inflammatory properties are poorly studied but do have sufficient
rationale to suggest the studies are justified.

SUMMARY

One barometer of practical efficacy can be found in ingredients or products that stay
in the marketplace. Factors such as convenience of use and cost influence what con-
sumers continue to purchase, in spite of real or perceived efficacy. In other words,
factors other than simple physical effects appear to be important to consumer usage,
but seldom acknowledged. These factors should be kept in mind when assessing util-
ity of nutritional ergogenic aids. Products that have stood the test of time are sports
drinks, carbohydrate loading foods, caffeine sources, meal replacements, protein
powders, carbohydrate–protein powders and bars. Creatine, antioxidant supple-
ments, iron, and multiple vitamin–mineral supplements have conditional utility.

For endurance exercise, sports drinks and carbohydrates are effective, safe,
and widely used (Chapters 8 and 5). The large majority of sales of nutritional
ergogenic aids constitute these two product categories.158 Caffeine in beverage
and supplement form is also pervasive. For gaining strength and muscle mass,
eating more calories, including protein, is commonly practiced and effective.
Anaerobic muscular performance is augmented by creatine and HMB, which
have been shown to be tolerable and safe with normal usage. However, a caveat
for creatine must be added: long-term endurance exercise is not benefited, and in
some cases may be compromised by the extra body mass caused by creatine.

552 Scientific Evidence for Musculoskeletal, Bariatric, and Sports Nutrition

DK6006_C030.qxd  11/11/2005  4:52 PM  Page 552



Indirect effects of nutrients are less well studied than actual performance
enhancers, but offer a promising area for future research. In spite of little atten-
tion, a few nutrients have accumulated enough data to suggest that they may aid
sports performance in nonphysical ways.

Safety of ergogenic aids is of extreme importance, especially since some
persons may be willing to optimize sports performance at cost to health. Excluding
ephedrine–caffeine combinations and certain prohormones, there are few, if any,
nutritional ergogenic aids that represent significant hazards. Those supplements
that are foods (functional foods) or synthesized by the body are generally very
safe. Supplementation may be used to restore healthy physiologic levels. Highly
refined carbohydrates, processed trans fats, and high-intensity (artificial) sweet-
eners, which are not found in whole foods and are not endogenously produced,
pose safety concerns discussed elsewhere in this text.

One aspect of safety seldom explored is the interaction and interplay of nutri-
ent demands in the athlete. Short-term manipulations of nutrients may lead to
additional nutrient demands that manifest as functional deficiencies. Future
research should focus on children and adolescents, monitoring systems to observe
for long-term effects, possible effects from combinations not seen from individ-
ual nutrients, and testing of products to forestall unintentional positive drug tests.
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INTRODUCTION

Millions of people live, work, and play in regions of the world where weather is
intemperate or at terrestrial elevations where ambient oxygen pressure is less
than at sea level. Exposure to extremes of heat, cold, or hypobaric hypoxia can
elicit a variety of physiological responses in humans, which assist the body to
re-establish and/or maintain homeostasis under the influence of new environmental
conditions. Those physiological responses can have nutritional implications.

The three environmental stressors of greatest physiological importance
are hypoxia, cold, and heat. This chapter will, for each, review the environ-
mental characteristics constituting the biologically significant stress, the phys-
iological adjustments elicited, and the potential nutritional implications of
those adjustments. It is worth noting that the environmental extremes that
people usually experience do not elicit responses approaching physiological
limits in people resting quietly, and probably have little impact on nutritional
requirements of sedentary people. In contrast, physiological stress of physical
activity often elicits responses approaching physiological limits, and that stress
can be greatly compounded by exposure to extreme environmental conditions.
Since responses to exercise can be a major factor influencing nutritional
requirements, this chapter will examine environmental effects on nutritional
requirements from the perspective of physically active persons engaging in
strenuous activities.

NUTRITIONAL NEEDS DURING
HIGH-ALTITUDE SOJOURNS

THE HYPOXIC ENVIRONMENT AND THE OXYGEN TRANSPORT “CASCADE”

The weight of the atmosphere causes air to be denser at sea level than at higher
elevations, and barometric pressure (PB, mmHg) decreases from sea level
(PB � 760 mmHg) to the summit of Mount Everest (PB � 253 mmHg), as
Figure 31.1 shows. Atmospheric gas concentrations are constant over the earth.
When water vapor is absent, oxygen (O2) comprises 20.93% of the air at all
elevations, and the partial pressure of oxygen (PO2, mmHg) in the atmosphere
can be calculated as PB � 0.2093. Thus, ambient PO2 falls with PB as elevation
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increases. The atmospheric PO2 (in dry air) is 159 mmHg at sea level
(760 � 0.2093) and 53 mmHg on the summit of Mount Everest (253 � 0.2093).
When the air is inspired, it is warmed to body temperature and saturated with
water vapor. The partial pressure of water (PH2O) of saturated inspired air at 37�C
body temperature is 47 mmHg, which is also a component of the total pressure
of the inspired air. Therefore, addition of water vapor reduces oxygen pressure
of inspired air (PIO2) below ambient PO2, and PIO2 � (PB 	 47) � 0.2093.
The PIO2 is 149 mmHg ([760 	 47] � 0.2093) at sea level and 43 mmHg
([253 	 47] � 0.2093) on the summit of Mount Everest.

To sustain metabolism, O2 is continuously transported down a series of
steps in which PO2 falls sequentially from the atmosphere to the mitochondria:
(1) ventilation, whereby respiratory bellows action transports O2 from ambient air
to the alveolus; (2) lung diffusion, whereby O2 passively diffuses through the
alveolar–capillary membrane into the blood; (3) circulation, in which O2 moves
convectively via cardiac action to capillaries; and (4) tissue diffusion whereby O2

passively diffuses through tissues to mitochondria. Figure 31.2 illustrates the PO2
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FIGURE 31.1 The Decline in barometric pressure with increasing altitude. (From
Young, A.J. and Reeves, J.T., in Medical Aspects of Harsh Environments, Vol. 2.,
Pandolf, K.B. and Burr, R.E., Eds., Department of the Army, The Office of The Surgeon
General, Washington, DC, 2002, pp. 647–683.)
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fall for each step in the cascade during near maximal exercise.1 The overall PO2

pressure gradient driving O2 down the transport chain during heavy exercise at
sea level is approximately 150 mmHg from inspired air to the mitochondria. The
overall PO2 gradient driving O2 transport at the summit of Mount Everest is about
43 mmHg from inspired air to the mitochondria, because of the low atmospheric
PO2. Nevertheless, men have ascended Mount Everest successfully without sup-
plemental O2. Clearly, humans have a great capacity for physiological compensa-
tion for hypoxia, and these compensations can influence nutrition.

PHYSIOLOGICAL ADJUSTMENTS TO EXERCISE AT HIGH ALTITUDE

Respiratory Exchange

One of the principal physiological responses to hypoxia is increased pulmonary
ventilation. Ventilation increases within seconds of hypoxic exposure under con-
trol of carotid-body chemoreceptors sensing falling arterial O2 pressure of (PaO2).
The subsequent time-dependent changes in ventilation are complex and are
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FIGURE 31.2 The oxygen “cascade” from ambient air to mitochondria at sea level and
the summit of Mount Everest. (From Young, A.J. and Reeves, J.T., in Medical Aspects of
Harsh Environments, Vol. 2., Pandolf, K.B. and Burr, R.E., Eds., Department of the Army,
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considered in detail elsewhere.1 Briefly, a period of several hours ensues in which
hypocapnic responses and centrally mediated hypoxic ventilatory depression
limit the increase in ventilation rate, and it is somewhat lower than the initial
acute response. A period of ventilatory acclimatization follows, when ventilation
progressively rises over the first few weeks of continuing altitude exposure. The
ventilatory response to acute hypoxia is greater during exercise than rest, but
acclimatization effects are less pronounced during exercise than rest.

The increased ventilation with hypoxia enables alveolar O2 concentration to
be maintained higher for any given PIO2 than would be possible without the
increase. Although, PIO2 is independent of ventilation rate, increased ventilation
increases CO2 removal from the alveolus relative to the rate that it diffuses in
from the blood. This hyperventilation lowers partial pressure of alveolar CO2

(PACO2), and there is a corresponding rise in alveolar partial pressure of O2

(PAO2), enhancing the gradient driving O2 diffusion across the lung into the
blood.1 However, this ventilatory response to hypoxia comes at the “cost” of an
increased energy requirement that contributes to the increase in basal or resting
metabolic rate and total daily energy expenditure observed in sojourners at high
altitude.2

After reaching the alveolus, O2 diffuses passively across lung membranes and
into the red cells of the pulmonary capillary. Notwithstanding increased ventila-
tion, the PAO2 in high-altitude sojourners remains less than at sea level (see
Figure 31.2) during both rest and exercise. Therefore, the partial pressure of O2 in
arterial blood (PaO2) must also fall. Inside red cells, hemoglobin binds O2 accord-
ing to concentration-dependent kinetics such that the percent of hemoglobin
bound or “saturated” by O2 (SaO2) varies with PaO2. The amount of O2 contained
in a volume of blood (blood O2 content, CaO2) is determined by: CaO2 �
SaO2 � [Hb] � A, where [Hb] is the blood hemoglobin concentration, and the
constant A defines the maximal amount of O2 that can bind to a unit of hemoglobin
(~1.35 ml O2 per gram).

Systemic O2 Transport

The decline in SaO2 and CaO2 that lowlanders experience with ascent to high alti-
tude necessitate adjustments in systemic O2 transport to maintain sufficient O2

delivery to sustain metabolism. Metabolic rate determines systemic O2 transport
requirements, as defined by the Fick equation: VO2 � Qc � (CaO2 	 CvO2), where
VO2 is the O2 uptake, Qc is the cardiac output, CaO2 is the arterial O2 content, and
CvO2 is the mixed venous O2 content. Neglecting efficiency changes, a given
physical activity requires the same metabolic energy at altitude as sea level. Thus,
steady-state muscle and whole-body VO2 during submaximal exercise is the same
at altitude and sea level.1,3–5 However, the reduction in CaO2 at high altitude neces-
sitates an increased O2 extraction by metabolically active tissues (i.e., achieving
lower CvO2), and more importantly, increased O2 delivery to active tissue by an
increased Qc.

1,3,5 This increased Qc is achieved by an increased heart rate.3 While
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Qc for a given submaximal level of activity is elevated, maximal Qc remains
unchanged from sea-level values and is achieved at lower exercise intensities at
altitude.3 Hence, maximal O2 uptake (VO2 max) declines with ascent, with little
or no decline below 500 m, only a small decrement between 1000 and 2000 m,
and about a 10% decrement for every 1000 m ascended, thereafter.4 The increased
Qc and tachycardia elicited when lowlanders first ascend to altitude occur at the
expense of added cardiac work, myocardial O2 uptake and coronary blood flow.1

These effects contribute to the decreased endurance and increased metabolic rates
experienced on arrival at high altitude.

In lowlanders who remain at high altitude and acclimatize, the “acute”
responses are progressively replaced by physiological adjustments that alleviate
strain while still allowing systemic O2 transport requirements to be sustained. An
important effect of altitude acclimatization is a reduction in Qc, which is apparent
at rest and during exercise. This reduction begins developing as early as the
second day after ascent and continues developing over the next week to 10 days.5

The reduction in Qc with altitude acclimatization primarily results from reduced
stroke volume5 mediated by hemodynamic adjustments associated with a hemo-
concentration during the first 7 to 14 days of acclimatization.6 Sometimes
mistakenly attributed to an increase in circulating red blood cells, the hemocon-
centration during the first weeks of altitude acclimatization results from a loss of
plasma; erythrocyte volume remains unchanged, so blood volume decreases.7 As
a result, blood hemoglobin concentration increases and, thus, CaO2 also increases.
In lowlanders acclimatizing for several months, hemoconcentration is replaced by
expansion of erythrocyte volume which sustains the increased CaO2, and, in com-
bination with a partial recovery of lost plasma volume, restores normovolemia or
may even expand blood volume.8 Also contributing to the increased CaO2, is a
concomitant rise in SaO2 due to the ventilatory acclimatization discussed earlier.1

Thus, a key factor enabling systemic O2 transport requirements to be achieved
with a lower cardiac output for a given VO2 after altitude acclimatization, is an
increased O2 extraction, primarily due to an increased CaO2. This adjustment
enables exercise and other activity to be performed with lower cardiac work and
less cardiovascular strain.

Energy Metabolism — The Lactate Paradox

The energy demands of contracting skeletal muscle are supplied by the break-
down of biochemical compounds containing high-energy phosphate bonds. Acute
hypoxia and altitude acclimatization have pronounced effects on the metabolic
processes involved in the breakdown and regeneration of these high-energy phos-
phate compounds during exercise. The collective manifestation of these effects is
a phenomenon known as the “lactate paradox.” This phenomenon (illustrated in
Figure 31.3), first reported by Dill et al.9 and confirmed most recently by Pronk
et al.,10 is characterized by higher blood lactate concentrations during exercise at
altitude than at sea level in unacclimatized persons, but lower blood lactate levels

568 Scientific Evidence for Musculoskeletal, Bariatric, and Sports Nutrition

DK6006_C031.qxd  11/11/2005  4:55 PM  Page 568



in acclimatized persons, sometimes even lower than at sea level. The paradox
arises because it is assumed that hypoxia accelerates lactate production at altitude
via the Pasteur effect, but acclimatized persons exhibit decreased blood lactate
accumulation despite continuing hypoxia. The increased blood lactate during
acute hypoxic exercise reflects increased lactate release from active muscle not
decreased lactate clearance, and probably results from accelerated muscle
glycolytic rate fueled by enhanced uptake of blood glucose.1,11 The decreased
blood lactate during hypoxic exercise after acclimatization reflects decreased
muscle lactate release since lactate clearance decreases following altitude
acclimatization,11 and may result from diminished muscle glycogenolysis.12 The
mechanism regulating accelerated muscle glycolysis and lactate accumulation
during hypoxic exercise, and subsequent reversal of this effect remains unre-
solved, but is unlikely to be due to the Pasteur effect.1 Current theory is that
changes in muscle energy metabolism during high-altitude exposure are mediated
by concomitant changes in epinephrine responses to exercise.13,14

Work Capacity and Physical Performance

As described earlier, VO2 max is markedly reduced as elevation increases.
However, most physical activities elicit VO2 well below maximal, and thus
performance of these activities is not limited by VO2 max, at sea level or high
altitude. Only after ascending to very extreme altitudes is the reduction in VO2

max sufficient that the VO2 required for activities such as walking approaches
maximal. Nevertheless, endurance for many submaximal activities is impaired in
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FIGURE 31.3 Effect of high altitude (4300 m) on blood lactate concentration during
exercise at different absolute and relative intensities. (From Young, A.J. and Reeves, J.T.,
in Medical Aspects of Harsh Environments, Vol. 2., Pandolf, K.B. and Burr, R.E., Eds.,
Department of the Army, The Office of The Surgeon General, Washington, DC, 2002,
pp. 647–683.)
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unacclimatized lowlanders at high altitude, presumably reflecting the strain from
increased cardiac output, accelerated glycolysis and greater lactate accumulation
during exercise. With as little as 12 to 16 days of acclimatization, endurance
during submaximal exercise increases 40 to 60%, even though maximal O2 uptake
remains decremented.1,4,5 The improved endurance with acclimatization is probably
attributable to the diminished cardiac work associated with the lower cardiac
output compared to initially after arriving at high altitude.15 The development
of glycogen sparing adaptations and blunted lactate accumulation further con-
tributes to the improvement in performance. Thus, in unacclimatized lowlanders
ascending to high altitude, maximal performance appears limited by respiratory
factors, whereas submaximal performance is limited by nonrespiratory factors.
However, with acclimatization, both respiratory and non-respiratory factors
appear to contribute importantly to performance improvements.

NUTRITION DURING SOJOURNS AT HIGH ALTITUDE

High-Altitude Weight Loss: Energy and Water Balance

Lowlanders who ascend to high altitude and remain for more than a few days
typically lose weight. The magnitude of weight loss varies from 80 to nearly
500 g/day.16–18 Hypohydration and negative energy balance are the principal
factors accounting for this weight loss.

Most lowlanders experience a reduction in total body water when they ascend
to high altitude.18 However, this effect may not be experienced by sedentary
persons.19 The degree to which water balance (i.e., intake vs. losses) becomes
disrupted at high altitude probably depends on the sojourner’s overall level of
activity and energy expenditure.18,19 For example, hypoxia-stimulated ventilation
leads to increased respiratory water loss, but this effect may be less pronounced
in sedentary than active persons. Similarly, hypoxia can lead to greater sweat
losses during exercise than at sea level,1 but this effect would be minimal for
sedentary persons. Unacclimatized lowlanders also usually experience hormon-
ally mediated diuresis at altitude.18,20,21 Both thirst and appetite are diminished
in lowlanders ascending to altitude,16,18 which could exacerbate the mismatch
between water loss and intake when drinking is ad libitum. Specific drinking
requirements to replace water losses in lowlanders sojourning at altitude will vary
considerably among individuals depending on environmental conditions, activity
level and a host of other factors. Eventually, however, with acclimatization, body
fluid regulatory mechanisms re-establish homeostasis, and studies of lowlanders
acclimatized at altitude for at least 10 weeks suggest that total body water is not
reduced.22

Just as at sea level, negative energy balance can contribute to weight loss
during high-altitude sojourn. However, avoiding negative energy balance may
be more challenging during sojourns at altitude than at sea level. Energy intake
may be constrained under hypoxic conditions. Gastrointestinal macronutrient
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absorption is unaffected, but anorexia develops in many lowlanders who ascend
to altitude.16 In reviewing the limited number of investigations accurately com-
paring ad libitum energy intake of subjects at sea level and again at high altitude,
the consistent finding is that food intake typically declines 10 to 50% during acute
altitude exposure.16,23 This is particularly noticeable among those experiencing
acute mountain sickness (AMS), a transient but debilitating syndrome (headache,
nausea, vomiting, insomnia, lassitude, and malaise) experienced by 25% of
lowlanders who ascend above 3000 m. However, anorexia can persist even after
acclimatization when AMS abates,16 suggesting that hypoxia may directly contribute
to appetite suppression.24

A reduction in energy intake during high-altitude sojourns may be com-
pounded by an increase in energy requirements. Most people’s total daily energy
expenditures increase during altitude sojourns compared to sea level. Lowlanders
experience a 7 to 17% increase in basal metabolic rate (BMR),16,25 mediated at
least in part by changes in circulating thyroid hormones, but also reflecting
energy costs of cardiorespiratory responses to hypoxia.1 Some investigators
suggest that the increase in BMR is transient, with BMR returning to sea level
values within 3 to 7 days.26 However, in those studies, volunteers were fed
ad libitum, consumed less energy than expended, and lost weight. In contrast,
when subjects were fed a diet with energy intake matched to energy expenditure,
weight loss was prevented and the 17% increase in BMR measured initially
after arriving at high altitude was maintained throughout 3 weeks of sojourn.25

Therefore, the increase in BMR experienced by lowlanders ascending to high alti-
tude is probably not transient, as long as an increase in energy intake balances the
increased energy expenditure, and prevents the loss of metabolically active body
tissue. Another likely contribution to increased total daily energy expenditure
in high-altitude sojourners is an increase in the energy expenditure of activity.
Even though the energy required to sustain a given activity is the same at high
altitude as at sea level, most lowlanders ascending to high altitudes engage
in more strenuous activities than they do while living at sea level, and that
increases daily energy expenditure. For example, Westerterp et al.27 calculated
that daily energy expenditures increased by 880 to 1200 kcal/day over sea
level values (1.5 to 2.4 times SL BMR) in subjects climbing to 6542 m. Further,
energy requirements of soldiers in mountainous regions reportedly increase by
approximately 800 to 2900 kcal/day (2.1 to 3.5 times SL BMR) above sea-level
requirements.28,29

Thus, decreased fluid and energy intake, increased energy expenditure, or
both contribute to the inability of lowlanders sojourning at high altitude to
maintain proper hydration and energy balance when diet is ad libitum. The mag-
nitude and composition (i.e., water, fat, lean tissue) of the weight lost will depend
on the severity of water and energy imbalance. However, countermeasures can be
instituted to ameliorate these effects, minimize dehydration and cachexia, and
sustain body mass during altitude sojourns, at least at moderate elevations below
5000 m.16,25
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Macronutrient Requirements at High Altitude

It is widely accepted that consuming a high-carbohydrate diet is advantageous while
sojourning at high altitude. As described earlier, glycolytic and glycogenolytic
energy metabolism appears to be accelerated during exercise at altitude as com-
pared to at sea level. Furthermore, high carbohydrate diets are often recom-
mended to reduce the symptoms associated with AMS. The exact mechanism by
which carbohydrate exerts a beneficial effect is not completely understood, but is
generally accepted to be attributable to the increased ventilation produced by
the higher respiratory quotient (RQ) of carbohydrate metabolism. A number of
studies have demonstrated that this increase in ventilation induced by a high
carbohydrate diet subsequently results in a greater arterial PO2 both during rest30

and exercise.31 However, the evidence for an associated alleviation in AMS is
scant. Consolazio et al.,32 reported that subjects consuming a high (70%) carbo-
hydrate diet after arriving at 4300 m from sea level were less nauseated, more
energetic, and less depressed than subjects consuming a diet containing a “normal”
carbohydrate content diet (35%). However, recent studies have failed to confirm the
notion that high carbohydrate diets ameliorate AMS symptoms.30,31 Nevertheless,
benefits of high carbohydrate diets for improving physical performance of low-
landers sojourning at altitude have been confirmed,33,34 and on that basis, it seems
that, at a minimum, lowlanders sojourning at high altitude should consume at
least as much carbohydrate in their diet as recommended for physically active
individuals living at sea level, that is, ~55% of total caloric intake, or in the range
of 6 to 8 g of carbohydrate per kg body weight per day.35

There has also been speculation that dietary protein and amino acid require-
ments may increase during sojourns at high altitude. Body weight loss during
high-altitude sojourns was more pronounced from lean than fat mass in some
investigations.24,36 At sea level, negative energy balance increases catabolism of
body protein stores, primarily skeletal muscle, as a metabolic fuel, while at the
same time reducing skeletal muscle protein synthesis. Negative energy balance at
high altitude would have the same effects. Negative nitrogen balance is com-
monly observed in lowlanders at high altitude, at least transiently.2,16 Synthesis of
skeletal muscle protein appears impaired in hypoxic or high-altitude condi-
tions,37,38 and some,37 but not all38 studies suggest that muscle protein breakdown
is increased. Those observations raise the possibility that dietary protein intake
should be higher at altitude than sea level. However, investigations manipulating
dietary protein content and providing amino acid supplements to lowlanders
sojourning at high altitude have yielded mixed results, both in terms of effects on
lean mass as well as physical performance.39–41 On the other hand, investigators
observed that when the energy intake of subjects living at 4300 m was sufficient
to match daily energy expenditure, and body weight remained unchanged, nitrogen
balance was also maintained,2,25 implying the maintenance of protein mass and
thus lean body mass. Collectively, the available research suggests that dietary
protein supplementation is not necessary to preserve muscle protein content
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during high-altitude exposures, as long as dietary energy is consumed in balance
with energy expenditure, and protein intake is consistent with recommendations
for active persons at sea level, that is, 1.2 to 1.7 g/kg body weight per day.35

Micronutrient Requirements at High Altitude

There is little scientific basis to expect that micronutrient requirements of
lowlanders would be much affected with ascent to high altitudes,42 although
admittedly, this aspect has not received nearly as much research attention as
macronutrient nutrition. The two possible exceptions to this generalization may
be with respect to antioxidant vitamins and iron. Oxidative stress may be
increased at high altitude, particularly for physically active persons, raising the
possibility that dietary supplementation with antioxidant vitamins could be war-
ranted. One field study suggests that antioxidant supplementation mitigates
symptoms of AMS, compared to placebo treatment,43 but a rigorous placebo-
controlled research study found no effect of antioxidant supplementation on
biomarkers of oxidative stress in lowlanders sojourning 2 weeks at 4300 m.44

As described previously, the increase in hematocrit exhibited by lowlanders
during the first 2 weeks or so following ascent to high altitude is attributable to
hemoconcentration. However, for those who remain longer, increased erythopo-
etic activity stimulates increased red blood cell production and hemoglobin syn-
thesis.1 Most healthy, well-nourished lowlanders will not need to supplement iron
intake to sustain this response, since several studies indicate that lowlanders con-
suming an ad libitum diet while at high altitude increase their iron intake without
supplementation, and intestinal iron absorption may be increased by hypoxia.45

Iron-deficient individuals, especially athletes, fail to demonstrate the erthrythro-
poetic response to altitude fully,46 and, therefore, may need supplementation to
achieve 15 (men) to 20 (women) milligrams per day intake.45

NUTRITIONAL NEEDS IN HOT AND
COLD ENVIRONMENTS

REGULATION OF THERMAL BALANCE

Biophysics of Heat Exchange Between Humans and Environment

People experience thermal stress due to the combined effects of temperature, humid-
ity, sun, wind, rain/water exposures, insulation worn, and body heat produced. The
breakdown of biochemical energy to sustain muscular contraction and other phys-
iological processes produces metabolic heat that is transferred from the active tis-
sues to blood, and then distributed convectively throughout the body. The balance
between internal heat production and its transfer to the environment determines
body temperature. These relationships are described by the heat balance equation:
S � M 	 (� W) � (R � C) � K 	 E, in which S � rate of body heat storage;
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M � rate of metabolic energy (heat) production; W � mechanical work, either
concentric (positive) or eccentric (negative) exercise; R � C � rate of radiant and
convective energy exchanges; K � rate of conduction (important only when in
direct contact with an object, such as clothing, or a substance, such as water; and
E � rate of evaporative loss.47 The sum of these, heat storage, represents heat gain
if positive, or heat loss if negative. Body temperature increases when S is posi-
tive, decreases when S is negative and remains constant when S is zero.

“Body” temperature is most commonly assessed by the measurement of body
core temperature. There is no one “true” core temperature because temperature
varies among different sites reflecting differences in local tissue metabolic rate,
regional blood flow, and temperature gradients between contiguous regions. Core
temperature is often measured at the esophagus, rectum, mouth, tympanum, and
auditory meatus. Considerable temperature gradients exist between and within
the different sites. Measurement methods employed for each of these sites and the
relative advantages and disadvantages of each are discussed in detail by Sawka
and Young.48

Human Thermoregulatory Control System

The human thermoregulatory system normally regulates core temperature within
a narrow range (35 to 41�C) through behavioral and physiological responses
to thermal stress. Body temperature alterations above and below these “normal”
levels can be lethal, but even small fluctuations within that range may degrade
performance. Behavioral temperature regulation operates through conscious
actions to minimize or avoid thermal stress by modifying activity levels, chang-
ing clothes and seeking shade or shelter. When behavior cannot completely
negate thermal stress, physiological responses are activated that, depending on
whether the thermal stress is heat or cold, enhance dissipation or conservation of
body heat stores through mechanisms to alter metabolic rate (shivering), blood
flow between the core to the skin (vasoconstriction or vasodilation), and sweat-
ing. Thermal receptors in the body core and skin send information about their
temperatures to a central integrator, and any deviation between the controlled vari-
able (body temperature) and a reference variable (“set-point”) constitute a “load
error” generating a “thermal command signal” that participates in the control of
sweating, vasodilation, vasoconstriction, and shivering.49 These responses, which
operate until heat balance and body temperatures return to normal, produce
physiological strain that can influence nutritional requirements.

Exercise and fever both affect core temperature, even when environmental con-
ditions are temperate or cold. Acute exercise does not involve a set-point increase,
whereas fever does.48 During exercise, core temperature (Tc) increases because
metabolic heat production increases. The set-point temperature (Tset) is unchanged,
so heat-dissipating responses are elicited as core temperature increases. When exer-
cise stops, heat loss exceeds heat production, so core temperature declines
towards the set-point. This diminishes the signal eliciting the heat dissipation
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responses, which leads, in turn, to a decline in the response back to baseline
levels, as the pre-exercise thermal balance is re-established. This increase in
body temperature during exercise is called hyperthermia. In fever, the set-point
temperature increases, causing a negative load or error signal. Heat-dissipating
responses are inhibited and heat production is stimulated (shivering) until core
temperature increases enough to correct the error signal and establish a new
thermal balance in which heat production and heat loss are near (or slightly
above) their values before the fever. When fever abates and set-point returns to
“normal,” the heat-dissipating responses are increased and heat production
reduced until pre-fever thermal balance is re-established.

COLD STRESS

Physiological Responses During Cold Exposure

The principal cold-stress determinants outdoors in cold weather are air tempera-
ture and wind speed. Most body heat loss during cold exposure occurs via con-
ductive and convective mechanisms. When ambient temperature is colder than
body temperature, the thermal gradient favors body heat loss, and wind exacer-
bates heat loss (i.e., wind-chill) by facilitating convection at the body.48 Wind-
chill effects are greatly reduced by wearing windproof clothing and engaging in
strenuous exercise. Water has a much higher thermal capacity than air, and the
heat transfer coefficient in water is 25 times greater than in air. Therefore, heat
conduction away from the body, is greater during exposure to cold air when skin
and clothing are wet (e.g., from rain) than dry. The enhancement of conductive
heat loss is more pronounced during full or partial immersion, thus swimmers
experience considerable body heat loss even in relatively mild water tempera-
tures. Regardless of the severity of cold, body temperature changes will depend
on the balance between heat loss and heat production.

When behavioral thermoregulation provides inadequate protection from the
cold, physiological responses are elicited. The two principal physiological
responses exhibited by humans exposed to cold are a peripheral vasoconstriction
and thermogenesis.48 Peripheral vasoconstriction decreases peripheral blood flow,
which reduces convective heat transfer between the body’s core and shell (skin,
subcutaneous fat, and skeletal muscle) increasing insulation. Since heat is now
being lost from the body surface faster than it is replaced, skin temperature
declines. Thus, the vasoconstrictor response to cold retards body heat loss, but at
the expense of declining peripheral tissue temperature. In humans, cold-induced
thermogenesis is attributable to skeletal muscle contractile activity. Humans
initiate thermogenesis voluntarily by increasing activity (exercise, increased
“fidgeting,” etc), or through involuntary shivering, which consists of repeated,
rhythmic muscle contractions, the intensity of which varies according to the
severity of cold. As more muscles are recruited and shivering intensity increases,
whole-body VO2 increases, typically reaching about 600 to 700 ml/min during
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resting exposure to cold air, but often exceeding 1000 ml/min during resting
immersion in cold water. While certain animals exhibit a cold-induced, nonshiv-
ering thermogenesis by noncontracting tissues, humans lack this mechanism.

Factors Modifying Physiological Responses to Cold

Two factors commonly thought to influence thermoregulatory responses to cold
are physical fitness and acclimatization state. In fact, however, physical training
and fitness level have only minor influences on thermoregulatory responses to
cold, aside from those actually attributable to anthropometric effects associated
with fitness training.48 Persons chronically or repeatedly exposed to cold exhibit
adjustments in thermoregulation considered to represent cold acclimatization.50

However, physiological adjustments to cold acclimatization are less pronounced,
slower to develop and less practical in terms of relieving thermal strain, defend-
ing normal body temperature, and preventing thermal injury compared to the
effects heat acclimatization that will be discussed later in this chapter. Therefore,
cold acclimatization probably has little impact on nutritional requirements for
optimal health in cold environments.

All external factors being equal (i.e., environment, clothing, and physical
activity level), anthropometric differences account for most of the variability
between individuals in their thermoregulatory responses and capability to main-
tain normal body temperature during cold exposure.51 Convective heat transfer at
the skin surface is the principal heat loss vector in cold-exposed humans,47 there-
fore, persons with the largest surface area to mass ratios experience the greatest
declines in body temperature in the cold. While all body tissues provide insulation
to the body, adipose tissue’s thermal resistivity is greater than other tissues, so
persons with more adipose tissue experience smaller body temperature changes
and shiver less during cold exposure than lean persons.48 Gender-associated
differences in thermoregulatory responses and the ability to maintain thermal
balance during cold exposure are almost entirely attributable anthropometric
differences, and no definitive scientific evidence substantiates the existence of
significant gender-associated differences in thermoregulatory responses to cold.51

As mentioned earlier, voluntary physical activity or exercise will influence ther-
mal balance during cold exposure. Exercise elicits both thermogenesis and an
increased peripheral blood flow (skin and muscles).48 The increase in peripheral
blood flow facilitates body heat loss to the cold environment by enhancing convec-
tive heat transfer from the central core to peripheral shell. However, during expo-
sure to cold air, exercise-induced thermogenesis is usually sufficiently pronounced
that the increased metabolic heat production matches or exceeds any exercise-
related facilitation of heat loss. In contrast, because of the greater convective heat
transfer coefficient during water immersion than in air, the exercise-associated
increase in heat loss during immersion can be so great that metabolic heat produc-
tion during even intense exercise can be insufficient to maintain thermal balance.

Metabolic heat production can increase more during physical activity or exer-
cise than shivering. Oxygen uptake of young men resting and shivering in cold air
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averaged 600 to 700 ml/min (15% VO2 max),52 and 1 l/min, (25 to 30% VO2

max),53 but exercise can increase VO2 and metabolic rate much higher. The ther-
mogenic effect of exercise or other voluntary activity can partially or even com-
pletely obviate the shivering response to cold, depending on the exercise intensity,
as schematically illustrated in Figure 31.4. At low exercise intensities in the cold,
metabolic heat production is not high enough to prevent shivering, thus VO2 is
higher than for the same exercise in warm conditions, with the increase repre-
senting the added VO2 requirement for shivering activity. As metabolic heat
production rises with increasing exercise intensity, core and skin temperatures are
maintained warmer and the afferent stimulus for shivering declines. Therefore,
the shivering-associated component of total VO2 during exercise also declines
with increasing exercise intensity. At high intensities, metabolism is high enough
to completely prevent shivering, and VO2 during exercise is the same in cold and
warm conditions. The exercise intensity at which metabolic heat production is
sufficient to prevent shivering will depend on the severity of cold stress.

Fatigue due to exertion, sleep restriction, and underfeeding impair an individual’s
ability to maintain thermal balance in the cold.54,55 This syndrome has been referred
to as “hiker’s hypothermia,” and the simplest etiological explanation proposed is
that prolonged exercise produces fatigue, thus the exercise intensity and rate of
metabolic heat production that can be sustained declines, and if ambient conditions
are sufficiently cold, negative thermal balance and declining core temperature
ensue. When underfeeding is a factor, effects probably result from development
of hypoglycemia, since acute hypoglycemia impairs shivering through a central
nervous system mediated effect. Also, declining peripheral carbohydrate stores
probably contribute to an inability to sustain exercise or activity, and the associated
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exercise-induced thermogenesis during cold exposure. Studies also indicate
that shivering and peripheral vasoconstriction responses to cold may themselves
be directly affected, that is, impaired, following strenuous exercise,56 repeated
or prolonged cold exposure,57 or both in combination. Irrespective of mecha-
nism, when strenuous exercise produces acute or chronic fatigue, ability to main-
tain thermal balance appears to be degraded, and that in turn can further limit
performance.

Impact of Cold Exposure on Nutritional Requirements

Cold exposure is widely thought to influence body fluid balance. Behavioral
responses to cold can constrain fluid intake, as thirst sensation may be blunted in
cold persons, and cold environments often present practical constraints on volun-
tary drinking (frozen drinking supplies, desire to avoid urinating outdoors in cold
climates). In contrast, physiological responses to cold exposure can exacerbate
fluid losses. For example, a widely recognized effect of cold exposure is an
increased urine flow rate, that is, cold-induced diuresis (CID), produced by
blood-pressure mediated increase in filtration and decrease reabsorption of water
and solute by the kidney.58 However, CID is self-limiting, producing 1 to 2 l fluid
loss at most. Furthermore, exercise prevents CID,58 and people often maintain a
vigorous activity level when they are cold. Breathing cold air has also been sug-
gested to exacerbate respiratory water loss during exercise, since cold air has
lower water content than warmer air, but studies actually show less water lost in
exhaled air when breathing cold than warm air.59 The most significant avenue of
fluid loss during exercise in cold conditions is probably the same as in warm con-
ditions, that is, sweating. Even in cold environments, metabolic heat production
can exceed heat loss, with the resulting heat storage initiating thermoregulatory
sweating which can substantially increase the fluid replacement requirements. If
those increased fluid requirements go unmet, dehydration will ensue, with phys-
iological and performance consequences. Otherwise, there is little evidence that
cold exposure has any unique impact on body fluid regulation.60

While it is widely accepted that total energy requirements are greater in cold
weather than temperate conditions, this may not always be the case.48 Cold expo-
sure can increase energy requirements due to the additional energy required to
support thermoregulatory responses to cold, principally shivering thermogenesis.
Therefore, if clothing and body insulation or exercise thermogenesis are sufficient
to maintain body heat storage constant without initiating shivering, there will be
no additional thermoregulatory contribution to total energy requirements due to
shivering. The other factor potentially increasing energy requirements in cold
compared to temperate environments relates to the energy cost of activity. Often,
cold-exposed persons engage in more vigorous activity than they might normally
undertake in a temperate climate. Also, energy costs for a given activity can be
greater in cold than temperate weather, simply because locomotion can be
more difficult through snow, ice, and mud common to cold climates compared to
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locomotion on dry terrain. Additionally, the hobbling effect of heavy, cold-weather
protective clothing can further increase energy costs of a given activity. Whether
cold conditions really affect total energy requirements, therefore, will depend on
whether the environment, clothing, anthropometric, and exercise-intensity factors
interact to elicit additional physiological strain. As has been noted (Ref.61), “man
in a cold environment is not necessarily a cold man.”

Cold exposure has also been thought to affect macronutrient requirements. A
widely held view is that a high-fat, and high-protein diet is optimal for persons
engaged in cold-weather activities. This concept probably originates from early
observations of primitive circumpolar residents whose natural diet was comprised
primarily of fat and protein.42 However, those diets simply reflected regional food
availability rather than any nutritional advantage for cold climates, and now
circumpolar residents consume a diet similar to the U.S. population.62 High-fat
diets are also the usual choice for expeditioners traversing circumpolar regions,63,64

but this choice is primarily to maximize dietary energy density while minimizing
weight and cube of the food carried, rather than to achieve any thermoregulatory
benefit. Lastly, a critical review of the available information indicates no affect
of cold exposure on macronutrient preferences of persons who can freely select
their food.65

On the other hand, metabolic energy requirements of active skeletal muscle
may provide a basis for recommending a high carbohydrate diet for persons expe-
riencing cold exposure. Lactate accumulation and muscle glycogen depletion can
be more pronounced during low intensity (e.g., below 25% VO2 max) exercise in
the cold when VO2 levels were elevated compared to similar exercise intensity
and duration performed under temperate conditions.11 However, glycogen deple-
tion is the same when higher intensity exercises are compared.11 Earlier interpre-
tations of that observation were that added energy requirements of shivering
during low intensity exercise increased glycogen breakdown, and that shivering
activity preferentially metabolized muscle glycogen as an energy source. However,
recent findings instead show that shivering, like low intensity exercise, relies on
lipid as the predominant metabolic substrate, but blood glucose, muscle glyco-
gen, and even protein are metabolized in significant amounts as well.66 Therefore,
the current hypothesis to explain accelerated glycogen depletion during shivering
is that muscle motor unit recruitment during shivering activity favors fast, gly-
colytic fibers.67 Regardless of whether cold-induced shivering increases glycogen
depletion rate, the ability to sustain high-intensity activity during cold exposure
will, as in temperate conditions, be limited by muscle glycogen and blood glucose
availability. Thus, a high-carbohydrate diet (i.e., ~55% total energy intake) will
probably be optimal for physically active people exposed to cold weather.

Other nutritional strategies have been proposed to improve overall comfort
and perhaps even prevent or delay hypothermia during cold exposure. For example,
diets high in protein produce greater thermogenic effects of food (TEF) than diets
with equivalent caloric content, but less protein and higher fat content.68,69

Whether manipulating TEF by altering macronutrient content can affect body
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temperature during cold exposure has not been tested. However, in subjects
consuming an energy balanced diet of 49% carbohydrate, 15% protein, and 36%
fat, TEF increases more when subjects were exposed to 16�C (�13% total energy
expenditure) than when exposed to 22�C (�8% total energy expenditure).70 This
suggests that TEF might contribute more to total energy expenditure during cold
than warm conditions, and might be more important than thought for heat balance.

Another dietary approach suggested for augmenting thermogenic responses
to cold is to consume foods containing methylxanthines. By itself, the most
common naturally occurring methylxanthine in food, caffeine, does not provide
any thermoregulatory advantage during cold exposure, even when administered
in dosages triple that of a typical serving of coffee.71,72 However, when ephedrine
was ingested in combination with a dose of caffeine approximately equivalent to
that typical for a serving of coffee, thermogenic response to cold was enhanced
and warmer skin and core temperatures were maintained during cold exposure
compared to placebo treatment.73 Although the health risks of consuming
ephedrine would preclude its use as a food additive, the apparent mechanism for
the thermogenic effect, an enhancement of carbohydrate oxidation rate, may sug-
gest safer nutritional strategies for further research. So, for example, subjects in
another investigation experienced much smaller declines in core temperature dur-
ing cold exposure after consuming theophylline, the principal methylxanthine in
tea, than placebo trials, which the investigators theorized resulted from a shift in
metabolic substrate utilization.74 Additional research on the intriguing possibility
that nutritional strategies can enhance thermoregulation and thermal balance dur-
ing cold exposure is needed.

With respect to micronutrient requirements, the Institute of Medicine’s review
of the scientific literature concluded that there is no need for any adjustments
to the recommended daily intakes of any vitamin or mineral micronutrients for
people exposed to cold.42 However, the review also noted that research on the
topic was limited, and additional study was warranted. Further, the Institute of
Medicine’s invited expert on micronutrient requirements noted in the report that
increased high-intensity exercise/activity typically undertaken by people exposed
to cold weather accelerates energy metabolism and exacerbates oxidative stress,
thus optimal intakes of vitamin E, thiamin, folic acid, iron, and zinc could be
higher during cold exposure than in temperate environments.45 However, this
remains to be demonstrated.

HEAT STRESS

Physiological Responses to Heat Stress

Climatic heat stress and exercise interact synergistically to increase requirements
for sweating and circulatory responses to dissipate body heat. The wet bulb globe
temperature (WBGT) is an empirical index of climatic heat stress widely used to
assess the risk of heat injury. It is calculated as: outdoor WBGT � 0.7 natural wet
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bulb � 0.2 black globe � 0.1 dry bulb, or indoor WBGT � 0.7 natural wet
bulb � 0.3 black globe. High WBGT values can be achieved either through high
humidity, as reflected in high wet bulb temperature, or through high air (dry bulb)
temperature and solar load, as reflected in black globe temperature. This index,
originally developed for predicting resting comfort conditions, does not consider
clothing or exercise intensity (metabolic rate). Therefore, WBGT cannot predict
heat exchange between a person and the climate, or the physiological strain of
thermoregulation.48 WBGT underestimates heat-injury risk for humid conditions,
and must be used more conservatively to guide allowable activity in high than low
humidity climates. Climatic heat stress can be categorized as compensated or
uncompensated. Compensated heat stress exists when thermoregulatory responses
can achieve heat dissipation at a rate balancing heat production, so that a steady-
state core temperature can be maintained. Uncompensated heat stress occurs
when the individual’s cooling requirements exceed the environment’s cooling
capacity (e.g., when high humidity or clothing limit evaporative and convective
heat transfer to the environment, even with maximal thermoregulatory response),
so steady-state core temperature cannot be maintained, and core temperature rises
progressively as long as exercise continues.

As described previously, exercise-induced hyperthermia elicits an increased
skin blood flow and sweating, which work in tandem to dissipate heat.48 Raising
skin blood flow facilitates convective heat transfer from the deep body tissues to
the skin surface, where it can be transferred to the environment via convective,
conductive, and evaporative transfer. In conditions in which sweating occurs, the
tendency of skin blood flow to warm the skin is approximately balanced by
the tendency of sweat evaporation to cool the skin. The increase in sweating
closely parallels increasing body temperature. Sweat on the skin surface causes
cooling when it evaporates from liquid to water vapor. When a gram of sweat is
vaporized at 30�C, 2.43 kilojoules (kJ) of heat energy becomes kinetic energy
(latent heat of evaporation). Therefore, after sweating has begun, skin blood flow
serves primarily to deliver to the skin the heat that is being removed by sweat
evaporation.

During exercise-heat stress, sustaining sufficient cardiac output to simultane-
ously support high skin blood flow for heat dissipation and high muscle blood
flow for metabolism strains the cardiovascular system. During mild exercise-
heat stress, cardiac output can be increased, relative to comparable exercise in
temperate conditions, in order to satisfy both metabolic and thermoregulatory
demands. However, the average adult’s skin blood flow can approach 8 l/min
during exercise in heat-stress conditions.48 Maintaining such high skin blood flow
can reduce cardiac filling, right atrial pressure and stroke volume, thereby neces-
sitating a higher heart rate to maintain cardiac output.48 A compensatory reduc-
tion in visceral blood flow allows cardiac output to be diverted to skin and
exercising muscle, but during severe exercise-heat stress, cardiac output may
decline below levels observed during comparable exercise in temperate condi-
tions, and skin and muscle blood flow might be compromised.75,76
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Heat stress modestly increases the metabolic rate elicited to perform a given
level of submaximal exercise, possibly because the rate of ATP utilization to
develop a given muscle tension is increased as muscle temperature increases.11

Aerobic metabolism and muscle total adenine pool may decrease, while oxygen
debt, blood and muscle lactate accumulation, skeletal muscle glycogen utiliza-
tion, and inosine 5-monophosphate concentration may all increase during exer-
cise with higher muscle temperatures.11,77 The increased glycogen utilization is
probably mediated by elevated epinephrine and muscle hyperthermia.78 In addition,
lactate uptake and oxidation by the liver (and probably nonexercising muscle) are
impaired during exercise-heat stress.11

Factors Modifying Physiological Responses to Heat Stress

Anthropometric factors can influence heat balance during heat stress exposure.
Body mass index (BMI) influences risk of heat injury,79 but it is not easy to quan-
tify the difference in risk for being overfat vs. being heavy muscled at the same
BMI. Whole-body insulation (i.e., resistance to conductive heat transfer from
core to skin surface) is affected by the thickness of the peripheral tissue layer (fat,
muscle, skin). In addition, fat has a lower specific heat than muscle tissue, so this
will tend to cause greater heat storage in fatter persons, compared to leaner per-
sons of equal total body mass. However, those differences in heat transfer pro-
perties may not have practical effects during exercise-heat stress. Sweat rates of
small and large people are the same if conditions produce similar heat storage and
similar rise in core temperature, but that usually only happens in controlled exper-
imental conditions. Thus, even if the fatter person does store more heat than a
leaner person, a higher sweat rate will result and enable enhanced evaporative
cooling, if the environmental conditions allow it. Compared to small people, big
people produce more heat at a given absolute exercise intensity, but they also dis-
sipate more heat by virtue of their larger surface area. Where these effects “cross-
over” is a factor of absolute metabolic rate, adiposity, and acclimation status, all
of which will vary among individuals.80 Further, when given the opportunity, big
people adopt a slower self paced work rate than smaller people exposed to the
same heat stress conditions, and that tends to equalize the thermoregulatory
effects.

Aerobic fitness and heat acclimatization both have very significant effects that
can reduce physiological strain and improve exercise capabilities in the heat.
Exercise training increases the sensitivity of sweating responses such that a given
change in core temperature produces a more pronounced increment in sweating
rate than in the untrained state, and skin blood flow responses to heat stress
change in a similar manner after exercise training. As a result, evaporative heat
loss increases, and skin temperatures are lower during exercise-heat stress.
However, thermoregulatory improvements produced by exercise training in tem-
perate conditions are modest compared to those obtained by heat acclimatization.
Heat acclimatization develops through about 7 to 10 days of repeated heat expo-
sures that are sufficiently stressful to elevate core and skin temperatures, and
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provoke perfuse sweating. The three classical signs of heat acclimatization are
lower heart rate and core temperature, and higher sweat rate during exercise-heat
stress.48 Exercise in the heat produces the most pronounced acclimatization, but
even resting in the heat induces some acclimatization.

In contrast, dehydration counteracts the thermoregulatory benefits associated
with high aerobic fitness and heat acclimatization, increasing physiological strain
and degrading both physical and cognitive performance in hot weather.48 Persons
dehydrate (sustain a body water deficit) when fluid intake fails to adequately
replace fluid lost through sweating, urination, and respiration. When dehydrated,
sweating and skin blood flow responses to exercise are reduced, and impaired
heat dissipation exacerbates the elevation of core temperature. The cardiovascular
strain of exercise in the heat is exacerbated by dehydration which induces hypo-
volemia and a sympathetically mediated tachycardia, both of which compromise
cardiac filling, making it more difficult to sustain cardiac output. During severe
exercise-heat stress, dehydration mediates a reduction in cardiac output, and skele-
tal muscle blood flow can be, but is not always, decreased. Muscle glycogenolysis
and lactate production during exercise are also accelerated by dehydration, either
due to exacerbated hyperthermia (Q10 effect) or greater catecholamine responses
to exercise. The effects of dehydration manifest even at small water deficits
(equivalent to 2% body weight or less), and progressively worsen as the level of
dehydration increases.48

Hyperhydration, or greater than normal body water, has been suggested to
improve, above euhydration levels, thermoregulation and exercise-heat perfor-
mance. It was theorized that an increase in body water might reduce cardiovas-
cular and thermal strain of exercise by expanding blood volume and reducing
blood tonicity, thereby improving exercise performance. A few studies purport
to support that theory, including some in which glycerol was added to the
drinking water to “enhance” fluid retention and the resulting hyperhydration.
However, those studies all suffer from a variety of confounding factors.
Carefully controlled studies show no thermoregulatory advantages with hyper-
hydration during exercise-heat stress, whether achieved by ingesting water alone
or water with glycerol.48

Impact of Heat Stress on Nutritional Requirements

As described, fluid intake must balance fluid loss to prevent dehydration. During
exercise in the heat, renal water losses will be minimal and respiratory water
losses will usually be offset by metabolic water production. Therefore, for phys-
ically active persons exposed to hot weather, sweating is the primary determinate
of water needs. Also, since sweat contains electrolytes (primarily sodium and
chloride) prolonged periods of sweating can lead to electrolyte deficits, which
must also be replaced.

Climatic conditions, clothing and exercise intensity are the primary factors
determining an individual’s sweating rate. Sweating rates of 0.3 to 1.0 l/h are
observed in persons engaged in routine occupational activities in hot-weather
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climates,81 and 1.0 to perhaps as high as 2.5 l/h in athletes exercising intensely in
the heat.48 However, usually people only sustain high sweating rates for several
hours per day, and the remainder of time, when more sedentary, they will have
lower sweating rates. For competitive athletes training hot weather, daily fluid
requirements might range from 4 to 12 l, whereas daily fluid requirements of less
active or sedentary persons would fall nearer the bottom of that range.48,82

Figure 31.5 illustrates the effect of increasing daily energy expenditure on daily
fluid requirements over a range of hot weather conditions. Notwithstanding the
potential for daily water requirements to be quite high in hot weather, people
often ignore thirst.83 Ad libitum drinking often does not fully replace body water
losses, and body water deficits of ~2% body weight are often observed following
athletic competition.83,84 As a result, during exposure to hot weather, some dehy-
dration is likely to occur throughout the course of a day, particularly during and
after exercise. Most people, however, will usually fully rehydrate at meals, when
taking fluids is stimulated by consuming food.

Sweating also results in electrolyte loss, primarily sodium chloride, but also
lesser amounts of potassium, calcium, magnesium, and other trace minerals.
Sweat sodium concentrations average 50 mEq/l, but vary widely over a range
from 10 to 70 mEq/l.83 However, a lot of factors influence sweat composition,
including the specific sweating rate, diet, hydration, and heat acclimation status.
Therefore, daily electrolyte requirements for hot climates are difficult to predict
with precision. General guidance is that sodium requirements in hot climates may
be somewhat higher than the 4 g/day recommended for cool environments, rang-
ing from 6 g/day for people engaged in light or sedentary activities, to as high as
12 g/day for persons performing extremely strenuous activities in a very hot
climates. Overall, during a typical 24 h recovery period when meals are con-
sumed ad libitum, supplementation is not necessary because adjustments in an
individual’s salt appetite correct for changes in sodium stores.85 Furthermore,
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when individuals increase their level of physical activity, ad libitum caloric intake
usually increases, with a concomitant increment in sodium intake sufficient to
compensate for any increased loss due to the additional exercise.86 Sweat potas-
sium, calcium, and magnesium concentrations are typically 3 to 15, 0.3 to 2, and
0.2 to 1.5 mmol/l, respectively. Thus, sweat losses are much lower than for
sodium, and the impact of hot weather on daily requirements for those electrolytes
is probably negligible.

Symptomatic hyponatremia (serum sodium concentration of 125 to 130
mEq/l) has been observed during prolonged ultramarathon competition, military
training and recreational activities,87 but is not common.48 The primary causative
event is drinking excessively large quantities of hypotonic fluids for many hours.
However, excessive electrolytes losses (sweating and other), nausea (which
increases vasopressin levels) and heat/exercise stress (which reduce renal blood
flow and urine output) can exacerbate hyponatremia when excessively large
volumes of fluids are consumed. In order to become hyponatremic, total body
water will usually need to be markedly increased with hypotonic fluids and
significant sodium loss will need to occur.87

As mentioned, metabolic rate elicited by submaximal exercise in hot condi-
tions is higher than during equivalent exercise in temperate conditions.11 This
might suggest that total daily energy requirements might be greater during hot
than temperate weather. However, in most situations, the impact of any elevation
in metabolic rate during exercise in the heat is probably offset by a compensatory
reduction in the amount and intensity of other self-selected activities. Thus, total
daily energy expenditure and daily energy requirements are unlikely to be increased
by hot weather, and may even be lower than in cooler conditions. On the other
hand, the increased reliance on glycolytic muscle metabolism11,77 indicates optimal
dietary carbohydrate intakes for physically active persons are likely to be as
high or higher (� 55% total daily energy requirement) during hot weather as in
temperate conditions.

SUMMARY

When humans are exposed to environmental extremes, physiological and behav-
ioral responses to changes in ambient oxygen tension and temperature may influ-
ence energy metabolism, body fluid regulation, and electrolyte balance. The
nutritional significance of these effects are probably more significant for physi-
cally active than sedentary persons. At high altitude and in the cold, both physio-
logical and behavioral effects can increase total daily energy requirements,
which, if not met, can lead to loss of body mass and diminished performance.
Energy requirements for most people are likely to be the same or somewhat less
in hot than cool weather, unless conditions do not allow activity levels to be
self-paced. Current recommendations for physically active persons in temperate
environments are to consume between 55–65% of total caloric intake as carbo-
hydrate, or in the range of 6 to 8 g of carbohydrate per kg body weight per day.35
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For people exposed to extremes of heat, cold or high altitude, optimal dietary
carbohydrate intake is probably at the upper end of that range, both because of
the physiological responses to the environmental stress, and because, at least in
cold and/or high altitude conditions, most people will also be engaged in activi-
ties that elevate total energy expenditure well above normal levels. Exposure to
extremes of altitude and temperature probably has little or no effect on dietary
protein requirements, although the possibility that high protein meals or snacks
might enhance thermogenesis and comfort in cold weather deserves further study.
Similarly, micronutrient requirements of well-nourished people are not likely to
be affected by exposure to environmental extremes if they consume a balanced
and unrestricted diet, although additional study is probably warranted. The possible
exception to that generalization might be for those people sustaining extremely
vigorous activity levels (e.g., athletes in training) for periods longer than several
weeks at high altitude (iron supplementation), or during hot weather (sodium
supplementation). Fluid intake requirements to maintain body water balance
will probably increase during exposure to all environmental extremes, but the
increment may be especially pronounced for active people during hot weather.
Blunting of appetite and thirst at high altitude and in hot or cold weather will
make it difficult for people to maintain energy and water balance when food
and fluid intake is strictly ad libitum. However, preplanned diet and hydration
strategies can provide effective countermeasures to prevent weight loss and dehy-
dration in extreme conditions.
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skinfold thickness, 9

Antibiotics, 515
Anticoagulant-herb interactions, 510
Anticonvulsants, 216
Antidepressants

appetite and body weight effects,
215, 216

tryptophan, 105
Antiepileptic drugs, 484–485
Antifungal therapy, 418
Antihistamines, 217
Antioxidants, 111–124, See also Oxidative

stress; specific antioxidants
athletic performance and, 119–121
biochemistry, 112–114
blood levels, 114
dietary fats and oils, 72
endogenous substances, 114, 116
gout and, 427
high-altitude requirements, 573
life span extension, 122
low-carbohydrate diets and, 82
muscle strain healing and, 349–350
musculoskeletal disease and, 121–122
nutritional ergogenic aids, 547
obesity and, 123
oxidation and reduction, 117–118
oxygen ratio, 116
perisurgical states and, 123
phytochemicals, 115
sarcopenia treatment, 38–39
sources, 114–116
surgical patients and, 275, 513–514
toxic metals and, 526, 535–536

Anxiolytic drugs, 216
Apoptosis

bone cells, 493
carnitine and, 517
hydration and, 129

muscle hypertrophy limitation, 359–360
toxic metals and, 540

Appetite regulation, 211–223, 272
bariatric surgery and, 223
combination therapy, 222
control centers, 212–213
dysregulation and obesity, 212
estrogen and, 233–236, 241–242
meal size and frequency, 242
menopause and, 239
messengers (table), 213
neuroendocrine synchronicity, 221–222
neuropeptides, 214, 242
neurotransmitters, 214–217
nutritional modifiers, 220–221
peripheral hormones, 217–220
redundant system, 222
trace metals, 220–221
water and, 221

Aquaporins, 128, 130
Arabinose, 84
Arginine, 106, 515, 517
Armour Thyroid, 413–414
Arsenic, 523, 537
Arthritis, See Osteoarthritis;

Rheumatoid arthritis
Aspartame, 85, 517
Aspartate, 85
Astemizole, 217
Asthma treatment, 141
Atenolol, 215
Athletic performance, See also Exercise

antioxidants and, 119–121
dietary fats and, 77–78
ergogenics, 545–553, See also

Nutritional ergogenic aids
hypoglycemia and, 89
protein requirements, 103
toxic metals and, 540

Atmospheric pressure, 583–585
Atomic-level body composition, 5
Atypical antipsychotic (AAP) drugs, 216
Autoimmunity, 531
Autonomic dysfunction,

fibromyalgia/chronic fatigue
syndrome and, 420–421

Avocado/soybean unsaponifiable residues
(ASU), 401
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B

Back pain, dehydration and, 132–133
Barbiturates, 511
Bariatric surgery, 271–273

appetite alterations, 223
effectiveness, 271–272
glucagon-like peptide and, 218
implantable gastric stimulation,

272–273
indications, 273
mineral malabsorption, 479
mineral nutrition and, 140
mortality risk, 272
nutritional considerations, 273–279, See

also Nutritional interventions,
bariatric surgery and

protein and, 102
restrictive or malabsorptive, 272
vitamin D and, 171
weight recidivism, 278
weight reduction mechanisms, 272–273

Basal metabolic rate, See Resting
metabolic rate

Base-forming foods, See Alkalinizing
foods

Bed rest, 501
Behavioral changes, anabolic steroid use

and, 372
Behavioral interventions for obesity, See

Obesity, behavioral interventions
and guidelines

Beta-carotene, 114
Beta-hydroxy-beta-methylbutyrate, 549
Bicarbonate supplementation, 461, 549
Bi-Est, 416
Bifidobacteria, 515
Biliary cirrhosis, 479
Biliopancreatic diversion, 272
Bioaccumulation, 526–529
Bioelectrical impedance analysis (BIA),

7, 13–14, 35
Birth weight, 45–46, See also Low birth

weight
Body circumference measures, 9–11
Body composition, 3–23, See also Obesity

adiposity rebound, 255
adolescence and, 255
age-related changes, 19, 306

chromium and, 178–179
DHEA and, 518
dietary carbohydrates and, 83
dietary fats and, 75–77
fat distribution, 9–10, 19, 239
fetal growth and, 44–45
five-level model, 4–6
gender differences, 19, 232
growth hormone and, 318
menopause and, 238
methods, 6–17, See also Body

composition measurement
methods

multi-compartment models, 5–6
reference data, adults, 19–22
reference data, children, 17–19
resting metabolic rate and, 195–196
sarcopenia assessment, 306
strategic nutrition and exercise

prescription, 38
two-compartment model, 5

Body composition measurement methods,
6–17

advantages and disadvantages, 22
anthropometry, 8–12
bioelectrical impedance analysis, 7,

13–14, 35
computed tomography, 7, 16–17
densitometry, 12–13
dual-energy x-ray absorptiometry,

14–15
MRI, 7, 16–17
muscle mass estimation, 5
nutrigenomic factors, 34–36
precision and accuracy, 7
principles, 7–8
underwater weighing, 12–13

Body image, 498
Body mass index (BMI), 8–9

bariatric surgery indications, 273
children and adolescents, 9
defining obesity, 254
heat stress and, 582
osteoarthritis risk factor, 392

Body temperature, 573–575
malnutrition effects, 286

Bombesin, 214, 217
Bone, functions of, 491–492
Bone, structure of, 445, 492–494
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Bone fractures, 491–502, See also
Hip fractures

adolescence and young adulthood,
497–500

calcium intake and, 448, 450
childhood obesity and, 260
classification, 494–496
eating disorders and, 498
gender differences, 496
infancy and childhood, 497
mortality risk, 474
obesity and, 260, 499
older adulthood, 500
preventive interventions, 500–501
stress fractures, 494–496
treatment, 495–496

Bone health and nutrition, 443–466, See
also Osteoporosis

acid effects, 445, 454–455, 459–561,
479–480

anabolic steroid effects, 499
antinutrients, 463–465
base-forming foods and, 459–461
base reservoir, 445
calcium and, 448–450, 516

osteomalacia, 444, 477–480
osteoporosis treatment, 486
reserves, 492
supplements and bone health, 297

childhood obesity and, 260
clinical guidelines, 465–466
dehydration and, 130
DHEA and, 477, 487
dietary fats and, 75
eating disorders and, 498
estrogen and, 477–479, 481–482
extracellular fluid, 459
free radicals and, 122
immobilization effects, 501
inactivity/immobilization effects, 482
inflammation, 483–484
malnutrition and, 296–297
minerals and, 138–139, 448–455, See

also specific minerals
normal physiology, 476–477
nutrient reserves, 444–445, 492
obesity and, 276
osteoblast activity, 480–481, See also

Osteoblasts

osteoclast activity, 481–483, See also
Osteoclasts

osteomalacia, 477
pathophysiology, 477–485
peak bone mass, 478–479
phytoestrogens, 461–462
protein and, 104, 445–458, 483
remodeling process, 477, 478, 493, 494
strength, 444, 492, 496
surgical patients and, 276
toxic metals and, 464–465,

479, 483, 539
unclear etiologies, 484–485
vitamin D deficiency and rickets, 155
vitamins and, 166, 455–459, 481, 483,

487, See also specific vitamins
water and, 462

Bone mineral density (BMD), 476
assessment, 475
bone disease definitions, 474
eating disorders and, 498
fracture risk and, 496
magnesium and, 139
measurement methods, 14–15
obesity and, 479
osteoporosis pathophysiology,

478–479
pediatric reference data, 18
pubertal development, 496
starvation effects, 296–297
thyroid hormone and, 482

Bone quality, 444, 475, 476
Bone sialoprotein, 476, 492
Boron, 454, 486
Bottled water, 133
Bovine spongiform encephalopathy

(BSE), 399
Bowel infections, 418
Bradycardia, 286
Bradykinin, 347
Brain, malnutrition and, 284, 285
Branched chain amino acids (BCAAs),

See Amino acids; specific BCAAs
Brassica vegetables, 533, 535
Breast feeding, See Lactation
Breast milk, See Human breast milk
Bulimia

bone health and, 478, 498–499
opioid antagonist therapy, 214
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Bupropion, 216
B vitamins, See also specific vitamins

appetite and, 221
bone and, 458
mental effects, 551
supplements, 277
surgery-associated deficiencies,

276–277

C

Cadmium, 140, 464, 465, 483, 523, 537
Caffeine, 420, 463–464, 511–512, 547,

551, 580
Calcineurin inhibitors, 481, 484
Calcitonin, 347
Calcitonin gene related protein

(CGRP), 485
Calcium

antitoxic activity, 524
bone and, 448–450, 516

osteomalacia, 444, 477–480
osteoporosis treatment, 486
reserves, 492
supplements and bone

health, 297
clinical considerations (table), 449
essential fatty acids and, 458–459
fetal nutrition, 45
gout and, 428
magnesium and, 143–145, 516
mineral interactions, 450, 451, See also

specific minerals
optimum dietary intake, 448
post-surgery malabsorption, 479
protein intake and, 447
refeeding and, 294
salt interaction and bone health, 463
soft drinks and, 464
sources, 486
toxic metals and, 530, 536
vitamin D and, 154, 162–163, 456

Calcium carbonate, 480
Calcium citrate, 486
Calorie-restricted diets, 197–199, See also

Low-carbohydrate diets; Starvation
and fasting

Calorimetry, 202–204

Cancer
genetic and environmental

factors, 30
malnutrition and, 288
vitamin D deficiency and, 164

Cancer therapies, hormonal effects, 482
Candidiasis, 432
Capric acid, 73
Carbohydrate, 81–92, 349

adequate intake, 91–92
alternative and artificial sweeteners,

84–85
body composition and, 83
classes and food sources, 84
clinical application, 92
cold environment and, 579
fiber, 87–88
glycemic index, 86, 87, 91
glycosylation, 91
hydration promotion, 90, 133–134, 349
loading, 90
low-carbohydrate diets, 82–83
medications affecting absorption, 218
metabolic stores, 90
nutritional ergogenic aids, 547, 549
perioperative nutrition, 517
post-malnutrition refeeding effects,

291, 292
protein nutrition and, 315
quality, 83, 92
starches, 86
sugars, 83–86
uptake and hormonal control, 88–90

Carbon-13, 377
Carbon dioxide (CO2) production, 204
Cardiomyopathy, anabolic steroid

effects, 374
Cardiovascular diseases

chromium and, 176
exogenous testosterone and, 373–374
malnourished or low birth weight

infants, 47
post-malnutrition refeeding

effects, 290
vitamin D and, 164

Carisprodol, 412
Carnitine, 106, 279, 317, 420, 517, 547
Carotenoids, 115, 116, 535
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Cartilage
dehydration and, 130–132
nutritional support, 397–402, See also

Joint support nutrition
osteoarthritis treatment, 395
sulfur and, 397

Casein, 314
Catalase, 116
Celiac disease, 479
Cellular-level body composition, 6
Ceruletide, 219
Ceruloplasmin, 114, 121, 122
Cheilosis, 432
Childhood obesity, 253–265

behavioral interventions, 260–265, See
also Obesity, behavioral
interventions and guidelines

case definition, 254
critical periods, 254–256
genetics and early environment,

256–257
medical consequences, 258–260
prevalence, 19, 254
screening, 258–259
type 2 diabetes case study, 257–258

Children
BMI standards, 9
body composition reference data`,

17–19
bone fracture, 497
bone health and, 260
low-fat diets and, 75
malnutrition effects, 287

Chlamydia, 418
Cholecystitis, 259
Cholecystokinin (CCK), 219, 242,

272, 273
Cholesterol nutrition, 38
Chondrocytes, 392–393
Chondroitin sulfate, 393, 398–399,

402, 551
Chromium, 175–185

antitoxic activity, 524
body composition and weight and,

178–179
deficiency, 176–177, 278
essentiality, 183–184
form and absorption, 182

health and, 175–176, 317
intake and requirements, 180–183
mineral interactions, 181, 221
muscle healing and, 350
nutrient metabolism and, 221
safety, 183–184
trace levels, 182
treating fibromyalgia/chronic fatigue

syndrome, 419
Chronic fatigue and immune dysfunction

syndrome (CFIDS), 417–418
Chronic fatigue syndrome (CFS),

407–421, See also
Fibromyalgia

depression and, 408, 410
diagnosis, 408–410
toxic metals and, 539

Circadian rhythms, 222
Circuit breaker model, 408
Climara, 416
Clonazepam, 411
Closed-circuit spirometry, 204
Clozapine, 216
Coconut oil, 76
Coenzyme Q10, 37, 115, 116,

122, 350, 420
Coffee consumption, 463–464,

See also Caffeine
Cola beverages, 463
Cold-induced diuresis (CID), 578
Cold laser, 341
Cold sores, 432
Cold stress, 563, 575–580

body fluid balance and, 578
energy requirements, 578–579
exercise and physiological responses,

576–578
hiker’s hypothermia, 577
nutritional requirements, 578–580
physiological responses, 575–578

Cold therapy, 340
Collagen, 96

antioxidants and, 275
bone structure, 445, 492
copper and, 454
protein turnover, 99
tissue injury and, 341

Colorectal cancer, 288
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Competitive protein binding assays
(CPBAs), 168

Complex regional pain syndrome
(CRPS), 346

Computed tomography (CT),
7, 16–17, 239

Conjugated equine estrogen (CEE),
240–241

Conjugated linoleic acids (CLAs), 76
Constipation treatment, 146
Cooking oils, 73
Copper, 221, 453–454, 508, 524, 529, 537
Core binding factor A1 (CBfA1), 476
Coronary heart disease, famine-exposed

infants, 47
Cortical bone structure, 492
Corticosteroids, osteoporosis and,

480–481, 483
Corticotrophin-releasing hormone

(CRH), 214, 287
Cortisol

adrenal insufficiency treatment,
414–415

chromium and, 179
DHEA ratio, 321
malnutrition and, 287
muscle growth and, 361
starvation and, 295
stress and DHEA response, 518

Creatine, 107, 349, 549
Crohn’s disease, 484
Cryotherapy, 340
Curcumin, 428
Cushing’s syndrome, 214, 478,

480–481, 483
Cyclobenzaprine, 412
Cyclosporine A, 484
Cyproheptadine, 215, 217
Cytochrome b5, 375
Cytochrome P450, 375
Cytomegalovirus, 418

D

Dairy products, 76
Degenerative joint disease (DJD), 395
Dehydration, See also Water

back pain and, 132–133

drought management, 128
heat stress and, 583
inflammation and, 131–132
osteoarthritis and, 130–132

Dehydroepiandrosterone (DHEA),
365–366, 416

blood testosterone levels and, 367–368
bone health and, 477, 518
cortisol ratio, 321
fibromyalgia/chronic fatigue syndrome

and, 416
herbal supplement, 367–368
muscle mass and, 320–322
nutrigenomics, 36
osteoporosis treatment, 487
surgical patients and, 279, 517–518
testosterone-epitestosterone ratio, 377
urine markers, 378

Delta-6-desaturase, 69, 76
Dendritic cells, 531
Densitometry, 12–13
Dental amalgam, 435, 529–530, 532
Dental health, 432–436

iatrogenic heavy metal exposure, 435
oral structures, 432
osteoporosis, 435
saliva, 434
teeth, 433
vitamin C and soft tissue health, 434

Depo-Provera, 478–479
Depression, See also Antidepressants

chromium and, 176
fibromyalgia/chronic fatigue syndrome

and, 408, 410
tryptophan and, 105

Dermatan sulfate, 393
Designer drugs, 378–379
Desyrel, 412
Detoxification, See also Xenobiotics

dietary interventions, 533, 535–536
surgical patients and, 279, 517

Dextroamphetamine, 421
Diabetes, maternal, 48, 255, 258
Diabetes, type 1, osteoporosis and, 480
Diabetes, type 2

chromium and, 176, 177, 182
osteoporosis and, 480
Pima Indian study, 257–258
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screening, 258–259
vitamin D and, 164

Diadzein, 98, 462
Diathermy, 342
Diazepam, 216
Dietary fat, See Fat, dietary
Dietary recalls, 202
Diffusion, 129
Diflucan, 418
Digestive enzymes, 102
Digoxin, 510
Dioxin, 523
Direct calorimetry, 203
Diuresis, cold-induced, 578
DNA damage, 117, 122, 310
Docosahexenoic acid (DHA), 69, 74,

76, 350
Dopamine, 216
Doubly labeled water method, 204
Doxepin, 412
Doxylamine, 412
Drug testing for anabolic steroids,

376–378
Dual-energy x-ray absorptiometry

(DEXA), 14–15, 238–239, 474
Dumping syndrome, 275

E

Eating disorders, 264–265, See also
Anorexia nervosa; Bulimia

bone health and, 498–499
childhood obesity and, 265

Echinacea, 510
Egg protein, 98
Eggs, 533, 535
Eicosanoids, 113
Eicosapentenoic acid (EPA), 69, 76
Elavil, 412
Elderly and older persons, See also Aging

amino acid supplementation, 314–316
bone health, 21-22, 500, See also Hip

fractures; Osteoporosis
exercise and, 310–311
muscle loss, See Sarcopenia
osteoarthritis treatment, 392
protein nutrition, 311–316

Electro-acupuncture (EA), 348

Electrolyte balance
hydration and, 133
magnesium and potassium, 137,

See also Magnesium; Potassium
malnutrition and, 286, 289–290
sweating and, 583–584

Endogenous opioid peptide (EOP), 348
Endorphins, 348, See also Opioids
Endurance athletic performance, See

Athletic performance
Energy balance, 193–207, 212, See also

Carbohydrate; Glucose tolerance;
Glycogen

assessing, 201–205
cold environment and, 578–579
exercise and, 198, 200–201, 206
factors affecting metabolic rate,

194–201, See also Resting
metabolic rate

fasting and, 284
high-altitude, 570–571
predicting, 205
thermic effect of food, 193–194
weight control and, 206

Enkephalin, 348
Enteral nutrition, 294, 515

composition, 51–57
minimal volume trophic feedings,

50–51
preterm and term neonates, 50–57

Enterostatin, 214
Environmental toxins, See Toxic metals;

Xenobiotics
Enzymes

magnesium and, 137
zinc and, 350

Eosinophilia myalgia syndrome
(EMS), 106

Ephedrine, 216, 222, 547, 580
Epilepsy medications, 484–485
Epitestosterone-testosterone ratio,

376–377
Epstein-Barr virus (EBV), 418
Ergogenics, 545–553, See also Athletic

performance; Energy balance;
Nutritional ergogenic aids

dietary fat and, 77–78, See also Fat,
dietary
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Ergosterol, 160
Essential amino acids, 97, See also Amino

acids; specific types
Essential fatty acids, 69, 77, See also

Lipids; specific types
bone health and, 458–459
deficiency and perisurgical nutrition, 278
toxic metals and, 535

Essential lipids, 5
Estrace, 416
Estradiol, 236, 237, See also Estrogen

androstenedione effects, 367
Estriol, 236, 416, See also Estrogen
Estrogen, 231–245

androstenedione effects, 367
appetite regulation, 241–242
bone health and, 477, 478, 481–482
cancer therapies and, 482
contraceptives and weight gain, 279
contraceptive use and bone health,

478–479
fibromyalgia/chronic fatigue syndrome

and, 416
lactation and postpartum weight control,

236–237
menopause and obesity, 237–240
menstrual cycle and food intake,

233–236
muscle mass and, 320
nutrigenomics, 36
perisurgical nutrition and, 279
phytoestrogens, 461–462
polycystic ovarian syndrome,

243–244, 279
post-ovariectomy hyperphagy, 237
pregnancy and food intake, 236

Estrogen replacement therapy, 237,
240–241

anorexic patients, 297
fibromyalgia/chronic fatigue syndrome

and, 416
Excess postexercise oxygen consumption

(EPOC), 200–201
Exendin-4, 218
Exercise, See also Aerobic exercise;

Athletic performance; Resistance
training

anorexia and energy needs, 206–207

body temperature and, 574–575
bone health and, 500–501
cold environment and, 576–578, 579
energy expenditure, 198, See also

Energy balance
energy expenditure prediction, 205
gender and age effects, 120
glycogen storage and, 90
high-altitude adjustments, 566–570
hyperthermia, 581
immune factors and, 119
insulin activity and glucose

metabolism, 89
magnesium status and, 141
metabolic rate and, 198–200

heat stress and, 585
muscle growth and, 356–357
muscle protein breakdown and,

358–359
obesity and energy needs, 206
osteoarthritis and, 395, 501
oxidative stress and, 119–121
protein requirements, 103, 313–314
sarcopenia and, 310–311

Extracellular matrix, 392–393, 399, 459
Extracellular water, fetal growth and, 44
Extreme environments, See Cold stress;

Heat stress; High-altitude
environments

F

Family meals, 263
Fasting guidelines, preoperative, 512–513
Fat, dietary, 67–78, See also Essential

fatty acids; Lipids; Low-fat diets;
Trans-fatty acids

appetite regulation and, 221
body composition and, 75–77
bone formation and, 75
children and, 75
cold environment and, 579
effects of maternal consumption, 73
endurance athletics, 77–78
food preparation, 69–73
menstrual cycle and food preferences,

233–235
partial hydrogenation, 72–73
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post-malnutrition refeeding effects, 292
racial/ethnic intake differences, 235
sources, 71

Fat-free mass (FFM), see also Lean Body
mass

bioelectrical impedance analysis,
7, 14, 35

densitometry, 12–13
DEXA, 14
gender differences, 19
health and, 35
pediatric reference data, 18
strategic nutrition and exercise

prescription, 38
total body water relationship, 4, 7
two-compartment model, 5

Fatigue fractures, 495
Fat malabsorption syndrome, 169, 479
Fatty acids, very-long-chain, 56
Female triad, 499
Fenfluramine, 215, 222
Ferric reducing ability of plasma

(FRAP), 119
Ferrous xylenol orange (FOX)

assay, 118
Fetal growth and development, 43–48,

See also Infant and neonatal
nutrition; Pregnancy

abnormalities and outcomes, 46–48
body composition alterations, 44–45
critical period for obesity risk,

254–255
defining discrepancies, 45–46
intrauterine growth retardation, 47
maternal malnutrition and, 47
nutritional environment, 44
placental factors, 46
reference growth curves, 45

Fever, 574–575
Feverfew, 510
Fiber, 87–88

magnesium absorption and, 141
Fibroblast growth factors, 476
Fibromyalgia, 407–421

autonomic dysfunction, 420–421
circuit breaker model, 408
depression and, 408, 410
diagnosis, 408–410

hormonal disturbances, 412–417
adrenal insufficiency, 414–415
DHEA and, 416
estrogen and, 416
testosterone and, 416
thyroid function, 413–414

immune factors and, 417–418
magnesium and, 139
nutritional deficiencies, 419–420
pain relief, 420
psychological well-being, 421
secondary causes, 409–410
“SHIN” protocol, 410–411
sleep disorder, 411–412
toxic metals and, 539
treatment, 410–411

Fibronectin, 492
Fish oil, 76, 350, 400, 459, See also

Omega-3 (w-3) fatty acids
Flavonoids, 115, 350
Flax oil, 76
Flexeril, 412
Florinef, 421
Fluconazole, 418
Fludrocortisone, 421
Fluoride supplementation, 56
Fluoxetine, 421, 511
Folate or folic acid, 483

deficiency, 277, 483
gout and xanthine oxidase inhibition,

427–428
joint support, 399

Follicle stimulating hormone (FSH), 366
Food allergies, 479
Food diary, 100
Food frequency questionnaires, 202
Food intake measures, 201–202
Foot pain, 133
Forbidden fruit hypothesis, 262
Free radicals, 112–114, See also

Oxidative stress
disease and aging effects, 121
exercise and injuries and, 119
gout and, 427
inflammatory mediators, 117
measurement methods, 118–119
physiologic functions, 117

Fructo-oligosaccharides (FOS), 141
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Fructose, 85, 88
Fruits and vegetables, bone health and,

459–461, 465, 514

G

Galanin, 214
Gallstone formation, 259
Gamma amino butyric acid

(GABA), 216
Gamma-linolenic acid (GLA), 69
Garlic, 510, 533, 536
Gastric balloon, 272
Gastric bypass, 219, 271, See also

Bariatric surgery
Gastric hypoacidity effects, 479–480
Gastric pH, protein digestion and, 102
Gastric stapling, 102
Gastrin, 214
Gastrocnemius strain, 339
Gender differences

anabolic steroid effects, 368–369
body composition and obesity, 232
body composition reference

data, 19
fracture risk, 496
oxidative stress and, 120
resting metabolic rate and, 196
thermoregulatory responses, 576
vitamin D levels, 316

Genetic expression, nutrition and, See
Nutrigenomics

Genetic medicine, 31–32
Genetics and childhood obesity,

256–257
Genistein, 98, 462
Gestational diabetes, See Diabetes,

maternal
Gestrinone, 379
Ghrelin, 218–219, 272
Ginger, 510, 533, 536
Gingiva, 432, 434
Ginkgo, 510
Ginseng, 508, 510, 551
Gitelman’s syndrome (GS), 139
Gla-proteins, 492
Glucagon, 89
Glucagon-like peptide-1, 214, 218, 272

Glucocorticoids, 38
appetite and body weight effects, 219
DHEA-cortisol ratio, 321
muscle growth and, 360

Gluconeogenesis, 82, 284, 292
Glucosamine, 397–398, 402, 403, 551
Glucosaminoglycans (GAGs), 393, 397
Glucose, 83
Glucose metabolism, 88–90, See also

Carbohydrate; Energy balance;
Glucose tolerance; Insulin

protein nutrition and, 315
Glucose refeeding, 292
Glucose tolerance

anabolic steroid effects, 375–376
chromium and, 176, 177, 180–181
famine-exposed infants, 47

Glutamine, 106, 515
Glutathione, 98, 106, 115, 116, 515
Gluten allergy, 479
Glycemic index (GI), 91

foods and beverages (table), 87
resistant starches, 86

Glycerol, 134, 583
Glycogen, 88

cold-induced shivering and, 579
exercise and, 90
heat stress and, 582
muscle damage and, 349
starvation and, 284

N-Glycolylneuraminic acid, 85
Glyconutrients, 85
Glycosylation, 91
Gout, 425–429

clinical application, 428–429
clinical presentation, 425
etiology, 425–426
nutritional factors, 426–428
obesity and, 428

Grape seed extract, 275
Growth hormone (GH), 287

body composition and, 318
muscle growth and, 361
muscle health and, 317–318

Growth spurt, 496, 498
Gulf War Syndrome, 485
Gums, 432, 434
Gynecomastia, 369
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H

Hair loss, postsurgical, 278
Haloperidol, 216
Hamstring muscle strain, 339, 343
Hapten immunotoxins, 526
Healthy food preferences, 261
Heat stress, 563, 580–585

dehydration and, 583
electrolyte loss, 583–584
exercise and, 581
nutritional requirements, 583–585
physiological responses, 580–583
wet bulb globe temperature, 580–581

Heat therapy, 341–342
Heavy metals, See Toxic metals
Hemochromatosis, 181, 277, 419
Hemoglobin, 96

chromium and A1C values, 177
glycosylated, 91

Heparin, 482
Hepatic function, See Liver function
Hepatic steatosis, 259, 294
Herbal supplements, 367–368

fibromyalgia treatment, 412
toxic metal contamination, 508

Herb-surgery interactions, 508–518
caffeine, 511–512
echinacea, 510
feverfew, 510
garlic, 510
ginger, 510
ginkgo, 510
ginseng, 508, 510
kava, 509, 511
St. John’s wort, 509, 511
toxic metals and, 508
valerian, 511

Herpes virus, 418
High-altitude environments, 563–564

energy balance and, 570–571
hypoxic environment and oxygen

transport, 564–566
macronutrient requirements, 572–573
micronutrient requirements, 573
physiological adjustments to exercise,

566–570
lactate paradox, 568–569

respiratory exchange, 566–567
systemic oxygen transport, 567–568
work capacity and physical

performance, 569–570
vitamin D and, 164
water balance and, 570

High-density lipoprotein (HDL)
cholesterol, 373, 379

High-fructose corn syrup, 85
High-protein, low carbohydrate diets, 96,

102, See also Low-carbohydrate
diets

renal function and, 100–101
Hiker’s hypothermia, 577
Hip fractures, See also Bone fractures

caffeine and, 463
calcium intake and, 450
carnitine and, 317
mortality risk, 474
nutrition and healing, 516
protein nutrition and, 312, 447, 461
vitamin A and, 457
vitamin D and, 166, 456
vitamin K and, 458

Hippocrates, 32
Hispanics, obesity and, 233
Histamine, 133, 217
Homocysteine, 483
Hounsfield unit (HU), 16
Howship’s lacuna, 494
Human breast milk, 51

composition variations, 54
fat in, 73
fortifiers, 55–56
protein content, 103

Human chorionic gonadotropin, 222
Human Genome Project, 31
Human herpes virus 6, 418
Humidity, 581
Hunger and thirst, 133, See also Appetite

regulation
Hunter-gatherer diet, 144–145
Hyaluronic acid, 393, 399–400, 434
Hydration, See also Water

cellular health and, 129–130
overhydration, 134
practical issues, 133–134
promotion, carbohydrates and, 90
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Hydrocortisone, 414–415
Hydrogen peroxide, 113, 117
Hydroxyapatite, 486, 493
5-Hydroxytryptophan (5-HTP), 105–106
Hyperhydration, 134, 583
Hypermagnesemia, 147
Hypertension

bariatric surgery outcomes, 277
exogenous testosterone and, 374
magnesium and, 146
vitamin D and, 164

Hyperthermia, 575, See also Heat stress
exercise-induced, 581

Hyperthyroidism, 482
Hyperuricemia, 426–429, See also Gout
Hyperuricosuric calcium urolithiasis, 428
Hyperventilation, 259, 567
Hypoglycemia

athletic performance and, 89
chromium and, 180–181
thermal balance and, 577

Hyponatremia, 133, 134, 585
Hypotension, fibromyalgia/chronic fatigue

syndrome and, 421
Hypothalamic-pituitary dysfunction,

anabolic steroid effects, 375
Hypothalamus

appetite regulation and, 212–213
fibromyalgia/chronic fatigue syndrome

and, 408, 410, 412–413
Hypoxic environments, 564–566, See also

High-altitude environments
lactate paradox, 568–569
respiratory exchange, 566–567
systemic oxygen transport, 567–568
work capacity and physical

performance, 569–570
Hysterectomy effects, 416

I

Ice treatment, 340
Immobilization effects, 482, 501
Immune function, 33, See also

Inflammation
ergogenic nutrients and, 552
exercise and, 119
exogenous testosterone and, 372

fibromyalgia/chronic fatigue syndrome
and, 417–418

malnutrition and, 287
nutrigenomics, 36–37
protein and, 104–105
sarcopenia and, 36–37
xenobiotics and, 526, 530–532

Implantable gastric stimulation,
272–273

Indirect calorimetry, 203–204
Infant and neonatal nutrition, 48–57, See

also Fetal growth and
development; Pregnancy

birth weights and, 45–46
enteral nutrition, 50–57
fat and, 73–74
immediate postnatal period, 50
maternal diabetes outcomes, 48
milk and formula, 51–57
requirements, 48–50
types of feedings, 52–53

Infant bone fractures, 497
Infant surgery, preoperative fasting,

512–513
Inflammation, 33–34

dehydration and, 131–132
electrical stimulation effects, 340
free radicals and, 117
muscle strain and, 339, 345
obesity and, 34
omega-3 fatty acids and, 400
osteoporosis pathophysiology,

483–484
sarcopenia and, 33
treatment approach for acute

injury, 340
Inflammatory bowel syndrome,

139–140, 484
Inflammatory cytokines, 33, See also

specific substances
adipocytokines, 220
magnesium and, 139
muscle strain and, 339
obesity and, 34
osteoarthritis and, 393
osteoporosis pathophysiology, 484
sarcopenia and, 37

Insoluble fiber, 88
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Insulin, 89
appetite regulation and, 217–218
estrogen and, 242
muscle growth and, 360–361
vitamin D and, 164

Insulin-like growth factor-I (IGF-I),
317–318

muscle growth and, 360, 361
Insulin-like growth factors (IGFs), 476
Insulin resistance

anabolic steroid effects, 375–376
chromium and, 176, 185
gout and, 428
magnesium and, 141
polycystic ovarian syndrome,

243–244
sarcopenia and, 37
screening, 258

Insulin sensitivity
age-related changes, 306
chromium and, 176, 177
DHEA and, 321
personalized medicine, 37–38
weight loss and, 244

Interleukin 1 (IL-1), 33, 393, 399, 481
Interleukin 6 (IL-6), 33, 484
Interstitial adipose tissue, 6
Intrauterine growth retardation (IUGR), 47
Iodides, 524
Ipriflavone, 462
Iron

athletic performance and, 547
chromium interaction, 181
deficiency and food cravings, 220–221
hemochromatosis, 181, 277, 419
high-altitude requirements, 573
muscle healing and, 350
post-bariatric surgery diet, 277–278
supplements, 277–278
thyroid supplements and, 414
toxic metals and, 279, 530
treating fibromyalgia/chronic fatigue

syndrome, 419
Irritable bowel syndrome (IBS), 409
Ischemia/reperfusion, 123
Isoflavones, 461–462, 487
Isoleucine, 106
Itraconazole, 418

J

Jejuno-ileal bypass, 272
Jet lag, 551
Joint manipulation, 341–342
Joint support nutrition, 397–402

avocado/soybean unsaponifiable
residues, 401

chondroitin sulfate, 398–399
duration and selection, 402–403
glucosamine, 397–398
hyaluronic acid, 399–400
niacinamide, 401–402
omega-3 fatty acids, 400
post-traumatic injury, 403
S-adenosyl methionine, 399
vitamin C, 401

K

Kappa-opioid antagonists, 215
Kava, 509, 511
Keratan sulfate, 393
Ketanserin, 215
Ketone bodies, 82, 284–285
Kidney function

high-protein diets and, 100–101
magnesium and, 139, 147
protein nutrition and, 314

Kinetic chain strengthening, 343
Klinefelter’s syndrome, 482
Klonopin, 411, 412
Knee osteoarthritis, 130–132, 501, See

also Osteoarthritis

L

Lactase, 276
Lactate accumulation, 568–569, 579
Lactation, 51, 73, See also Human breast

milk
carnitine requirement, 279
chromium requirements, 181
estrogen and postpartum weight control,

236–237
protein requirements, 103
vitamin D and, 162

Lactobacillus acidophilus, 418
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Lactoferrins, 98
Lactose, 85–86

intolerance, 276
Lamotrigine, 485
Laser therapy, 341
Lauric acid, 73
Lead, 523, 524

bone health and, 464, 479, 483
herbal medicines, 508
magnesium and, 140
sports and bioaccumulation, 540

Lean body mass, See also Fat-free mass
chromium and, 178–179
hormones and, 317–321
malnutrition and loss of, 296
resting metabolic rate and, 195

Lectins, 96
Leg cramping, 146
Leptin, 220, 241
Leucine, 106
Leukotrienes, 113
Life span extension, antioxidants

and, 122
Lifestyle, aging and, 29
Lining cells, 494
Linoleic acid, 69, 76
a-Linolenic acid, 69
Lipid peroxidase, 514
Lipid peroxidation, 71-72, 113
Lipids, 5, See also Essential fatty acids;

Low-fat diets; Triglycerides
anabolic steroid effects, 373
biochemistry, 67–69
classification and terminology, 68–69
“fats” and “oils”, 70
fetal and child growth, 73–75
foods, 69–73, See also Fat, dietary
human physiology and disease, 73–78
oxidation, 71–72, 113
red blood cell and plasma testing, 77
starvation and lipolysis, 284–285

Lipoic acid, 116, 275, 418
Lipoproteins, anabolic steroid effects, 373
Lithium, 221
Liver function

carbohydrate clearance, 88
exogenous testosterone and, 374–375
hepatic steatosis, 294

nonalcoholic fatty liver, 278
overweight outcomes, 259

Local allergy, 531
Low birth weight, 45

cardiovascular disease risk, 47
dietary fats and, 74
nutritional requirements, 48–50

Low-carbohydrate diets, 82–83, 96, 102,
See also Calorie-restricted diets

high protein and renal function100–101
Low-density lipoprotein (LDL)

cholesterol, 373
Low-fat diets, 67, See also Fat, dietary

children and, 75
Low-protein diets, 96

calcium absorption and bone
effects, 447

Luteinizing hormone (LH), 243, 287, 366
Lycopene, 115
Lymphocytes, 33, 530–532
Lypronol, 400
Lysyl oxidase, 454

M

Macrophage migration, 339
Mad cow disease, 399
Magnesium, 137–148

antitoxic activity, 524
ATP and, 137, 143
bone nutrition, 451
calcium and, 143–145, 451, 516
deficiency, 138–139, 145
diet and, 138, 140–141
enzymes and, 137
excess intake, 147
genetic syndromes, 142
high-dose infusion, 143
homeostasis, 139–140
inflammation and, 139
metallothionein and, 529
musculoskeletal health and,

138–139, 350
nondietary factors and, 141–143
nutritional ergogenic aids, 549
osteoporosis and dental health, 435
osteoporosis treatment, 486
perisurgical states and, 142
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post-bariatric surgery diet, 277
potassium and, 137
refeeding considerations, 293–294
requirements, 138
supplements, 145–147
toxic metals and, 140, 530, 536

Magnesium citrate, 146
Magnesium hydroxide, 146
Magnesium oxide, 146
Magnesium sulfate, 141
Magnetic resonance imaging (MRI),

7, 16–17
nutrigenomic applications, 35

Malnutrition, 284–298, See also Anorexia
nervosa; Starvation and fasting

assessment, 288–289
clinical findings, 285–288
immune function and, 287
laboratory test indicators, 291–294
lean tissue loss, 296
maternal, neonatal outcomes and, 47
mortality, 288
obesity and, 295–296
osteoporosis risk, 296–297
physiology of food restriction, 284–285
pregnancy outcomes and, 297
refeeding syndrome, 290–295, See also

Refeeding syndrome
skeletal muscle and protein loss, 103
treating electrolyte and nutritional

imbalances, 289–290
treating musculoskeletal conditions, 296
weight loss and, 276

Malondialdehyde, 121
Maltodextrin, 86
Maltose, 85
Manganese, 221, 451–452, 524, 530
Mannitol, 434
Mannose, 84
Manual treatment, 341–342

osteopathic manipulation therapy, 344
spinal facilitation, 346

Margarine, 73
Massage, 342
Mass spectroscopy-liquid chromatography

systems, 168
Mazindol, 216
Mechano-growth factor (MGF), 361

Medium-chain triglycerides (MCTs), 76
Medroxyprogesterone (MPA), 240
Melatonin, 551
Memory enzyme linked immunosorbed

assay (MELISA), 526, 532
Mendelson syndrome, 512
Menopause

estrogen replacement, 240–241, 416
obesity and, 237–240

Menstruation
amenorrhea and bone loss, 296–297
anabolic steroid effects, 371
anorexia and, 287
eating disorders and, 499
food intake and, 233–236
iron supplementation, 277
racial/ethnic differences, 235

Mental health effects, ergogenic
nutrients and, 551

Mercury, 464, 508, 523, 537
Mercury amalgam, 435, 529–530, 532,

See also Amalgam
Metabolic acidosis, 82, 514

bone health and, 454–455
toxic metals and, 538
xenobiotics and, 527

Metabolic rate, 193–201, See also Resting
metabolic rate

exercise in heat and, 585
Metabolic syndrome, 278, See also

Diabetes, type 2; Obesity
hyperuricemia, 428
waist circumference classification,

10–11
Metalloproteinases, 393
Metallothionein, 528–529
Metformin, 218
Minerals, 5, See also specific minerals

antitoxic minerals, 524–525
appetite and, 220–221
bariatric surgery and, 479
bone nutrition, 448–455
malnutrition and, 289–290
metallothionein and, 528–529
muscle strain healing and, 350
nutritional ergogenic aids, 549
osteoporosis pathophysiology, 479–480
osteoporosis treatment, 486
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sweat excretion, 584–585
toxic metals and, See Toxic metals
water sources, 138

Mitochondrial DNA, 117, 310
Mitochondrial function

aerobic exercise and, 310
age-related changes, 308
carnitine and, 517
coenzyme Q10 and, 37
fibromyalgia/chronic fatigue syndrome

and, 410
nutrigenomics, 37–39
reactive oxygen species production, 113
sarcopenia and, 37

Mitochondrial uncoupling proteins, 37
Mitogen-activated protein kinase

(MAPK), 117
Mixed long-chain triglycerides (LCTs), 77
Molecular-level body composition, 5–6
Molindone, 216
Molybdenum, 524
Multi-compartment models, 5–6
Mu-opioid antagonists, 214–215
Muscle atrophy

age-related sarcopenia, See Sarcopenia
apoptosis and, 129
malnutrition and, 286
oxidative stress and, 316
protein catabolism, 99–100

Muscle fiber dysfunction, age-related,
310, See also Sarcopenia

Muscle fiber dysfunction, malnutrition
effects, 296

Muscle hypertrophy, 355–379
adding new nuclei, 357
anabolic prohormone use, 364–368, See

also Anabolic steroids
exercise effects, 356–359
exogenous testosterone and, 362–365,

See also Anabolic steroids;
Testosterone therapy

hormonal responses, 360–362
limits on, 359–362
muscle nourishment and, 359
protein accumulation, 356

Muscle mass estimation, 5
bioelectrical impedance analysis, 14
sarcopenia cut-points, 11–12

Muscle precursor cells (MPCs), 357, 359
Muscle strain, 337–351

acupuncture, 346–349
biomechanics, 338–339
inflammatory tissue response, 339
nutritional intervention, 349–351
osteopathic approach, 344–346
oxidative stress and, 349–350
physical therapy phases, 340–344
scar formation, 341

Muscle strength
age-related decline, 306, 308, See also

Sarcopenia
DHEA and, 321, 518
testosterone and, 319
vitamin D and, 316–317

Muscular dystrophy, 121, 363
Mycoplasma incognitus, 418
Myofascial pain, 407

laser therapy, 341
toxic metals and, 539
trigger points and acupuncture, 348–349

Myosin, 96

N

N-acetylcysteine (NAC), 106
Naltrexone, 215
Nandrolone, 361, 373, 378
Native Americans

childhood obesity and, 256–258
genetics and environmental stressors, 29
leptin deficiency and obesity, 220
obesity and resting metabolic rate,

196–200
Neonatal nutrition, See Infant and neonatal

nutrition
Neurontin, 412
Neuropeptide Y (NPY), 214, 217, 219,

242, 272, 290
Niacin, 401
Niacinamide, 401–402
Nickel, 523, 537
Nicotinamide, 401
Nicotinic acid, 401
Nitric oxide, 113, 117

penicillamine and, 539
tissue injury and, 119
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Nitrogen balance, 98–99, See also Protein
age and dietary requirements, 311–316
anabolic steroid effects, 363
excretion, 100–101
high-altitude requirements, 572

Noise exposure, 142
Nonalcoholic fatty liver disease, 278
Nonsteroidal anti-inflammatory drugs

(NSAIDs), 394, 495, 510
Norepinephrine

appetite regulation and, 215
chromium and, 176

Nuclear factor kappa B (NFκB), 33, 37
Nucleotide binding protein (NBP), 526
Nutrigenomics, 27–39

clinical application, 31–33
endocrinology, 36
future of, 31–32
immune factors and, 36–37
obesity and, 82
personalized medicine, 31–32, 37–39
shared disease mechanisms, 33–34
testing, 34–36
twin studies, 30

Nutritional ergogenic aids, 545–547
immune factors and, 552
indirect ergogenic aids, 549, 560
long-term endurance exercise

performance, 547–548
mental effects, 551
muscle mass and strength, 549, 560
musculoskeletal integrity, 551–552
tissue repair, 552

Nutritional interventions, See also
Antioxidants; specific foods or
nutrients

cartilage repair, 397–402, See also Joint
support nutrition

fracture prevention, 501
improving insulin sensitivity, 37–38
muscle strain and, 349–351
osteoporosis treatment, 485–488
performance enhancement, See

Nutritional ergogenic aids
perisurgical strategic nutrition,

513–518, See also Strategic
nutrition for orthopedic surgery

sarcopenia and, 38–39

treating malnutrition, 289–295, See also
Malnutrition; Refeeding syndrome

xenobiotic detoxification, 533, See also
Detoxification

Nutritional interventions, bariatric surgery
and, 273–279

alkalinizing foods, 275
amino acids, 275–276
antioxidants, 275
biotics, 276
bone nutrients, 276
carnitine, 279
comorbidities, 278
deficiency correction, 276–278
detoxification, 279
DHEA and sex steroids, 279

Nutrition education, 262

O

Obesity
allometry, 6
appetite dysregulation and, 212
BMI for children and adolescents, 9
bone health and, 276, 499
childhood, See Childhood obesity
comorbidities (table), 274
defining, 254
exercise energy needs, 206
fat cell characterization, 74–75
gender and, 232
gout and, 428
inflammatory mediators, 34
leptin deficiency and, 220
malnutrition and, 295–296
medical consequences, 258–260
menopause and, 237–240
musculoskeletal health and, 260
nutrigenomics, 82
osteoarthritis and, 395
osteoporosis and, 479
polycystic ovarian syndrome, 243
prevalence, 19, 20
race and, 232–233
resting metabolic rate and, 195
surgical interventions, See Bariatric

surgery
thermoregulation and, 128
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vitamin D deficiency and, 170–171
water transport and, 128

Obesity, behavioral interventions and
guidelines, 260–265

eating disorder concerns, 264–265
empathy, 260
family meals, 263
food selection, 262
healthy food preferences, 261
public health perspective, 264–265
reducing advertising, 262–263
reducing television viewing, 263
school accountability, 264

Obesity hyperventilation syndrome, 259
Octacosanol, 551
Oils, nutritional, 70–71, 74

oxidation, 72
Olanzapine, 216
Oligosaccharides, 85–86
Olive leaf extract, 275
Omega-3 (w-3) fatty acids, 68–69

body composition and, 76
bone health and, 459
cartilage health and, 400
cell membranes, 77
lipid profiles and, 77
muscle strain healing and, 350
perisurgical nutrition, 278
rheumatoid arthritis and, 75

Omega-6 (w-6) fatty acids, 69
bone growth and, 75

Onions, 533, 535
Open-circuit spirometry, 204
Opioids, 214–215

electroacupuncture and, 348
Oral markers of tissue health, 432–436

iatrogenic heavy metal exposure, 435
oral structures, 432
osteoporosis, 435
saliva, 434
teeth, 433
vitamin C and soft tissue health, 434

Orlistat, 218
Orthopedic surgery, preparing for,

507–518
fasting guidelines, 512–513
herbal supplements, 508–512, See also

Herb-surgery interactions

strategic nutrition, 513–518, See also
Strategic nutrition for orthopedic
surgery

Osteoarthritis, 391–403
biomechanics, 394
cartilage regeneration, 395
definition and characteristics, 391–392
dehydration and, 130–132
exercise and, 395, 501
inflammation reduction, 395
nutrigenomics, 28
nutritional intervention for cartilage

repair, 397–402, See also Joint
support nutrition

oxidative stress and, 121–122
pain control, 394
pathophysiology, 392–394
risk factors, 392
treatment goals, 394
weight management, 395

Osteoblasts, 476, 477, 493
osteoporosis pathophysiology,

480–481, 484
Osteocalcin, 457, 476, 483, 492
Osteoclasts, 476, 477, 493

osteoporosis pathophysiology, 481–484
Osteocytes, 477, 493
Osteomalacia, 477, 484–485
Osteonectin, 492
Osteopathy, 344–346
Osteopenia

anorexia and, 297
BMD measurement, 15
definition, 474
eating disorders and, 498

Osteopontin, 476, 492
Osteoporosis, 473–488, See also Bone

health and nutrition; Bone mineral
density

antiepileptic drugs and, 484–485
bone mineral density measurement,

14–15
causes, 475
corticosteroids and, 479–480
definitions, 474–476
DHEA and, 518
estrogen and, 478
free radicals and, 122
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inactivity/immobilization effects, 482
lifestyle choices and, 476
magnesium and, 139, 486
manganese and, 452
normal bone physiology, 476–477
nutrigenomics, 28
obesity and, 479
optimum calcium intake, 448
oral markers, 435
prevalence, 21–22
primary and secondary, 475
“silent” disease, 474, 485
zinc and, 452–453

Osteoporosis, treatment of, 485–488
boron, 486
calcium, 448, 486
DHEA, 487
isoflavones, 487
magnesium, 486
vitamin D, 487
vitamin K, 487

Osteoprotegerin, 477
Ovariectomy effects, 237, 416
Overweight, defining, 254
Oxandrolone, 319–320
Oxidative stress, See also Free radicals

aging and, 121–122
antioxidants and, See Antioxidants
biochemistry, 112–114
bone health and, 122
cold exposure and, 580
DNA damage, 117, 310
gender and, 120
high altitude, 573
inflammation and, 117
injuries and, 119
mitochondrial DNA and, 310
mitochondrial uncoupling and, 37
muscle atrophy and, 113, 316
muscle strain and, 349–350
musculoskeletal disease and, 121–122
obesity and, 123
oxidation and reduction, 117–118
perisurgical states and, 123
quantifying, 118–119

Oxygen concentration, 116
Oxygen consumption (VO2)

indirect calorimetry, 203–204

metabolic rate, See Resting
metabolic rate

Oxygen radical absorbance capacity
(ORAC), 119

Oxygen transport, high-altitude
environments and, 564–567

Oxytocin, 133

P

Pain control
acupuncture, 347–349
fibromyalgia/chronic fatigue

syndrome, 420
osteoarthritis and, 394

Palate, 432
Paleolithic diet, 144–145, 447
Pancreatic polypeptide, 214
Parasitic infections, 418
Parathyroid hormone, 138, 162, 477, 481
Paroxetine, 511
Partial hydrogenation, 72–73
Penicillamine, 532

clinical application, 536, 537–539
provocative testing, 533–535
toxicity, 538

Pepsin, 97, 102
Performance-enhancing nutrients, See

Nutritional ergogenic aids
Perinatal nutrition, See Fetal growth and

development; Infant and neonatal
nutrition

Periodontal disease, 432, 434
Peripheral neuropathy, 277
Peripheral vascular disease, 517
Peroxide measurement, 118
Persistent organic pollutants (POPs),

522, 523
absence of evidence, 526–527
bioaccumulation, 527
molecular pathophysiology, 525–526

Personality disorder, 372
Personalized medicine, 31–32, 37–39
Pesticides, 72, 523
Phenteramine, 222
Phenylalanine, 551
Phosphate, post-malnutrition refeeding

effects, 292–293

Index 613

DK6006_C032_Index.qxd  12/1/2005  6:23 PM  Page 613



Phosphodiesterase, 526
Phosphoinositol-3-kinase, 176
Phospholipids, 67, 68
Phosphoric acid, 141, 464
Phosphorus

bone nutrition, 450–451
bone reserves, 444
calcium interactions, 450, 451
post-malnutrition refeeding issues,

292–293
vitamin D and, 163

Phosphorus 31 NMR, 35
pH regulation, See Acidity
Physical therapy, muscle strain healing

and, 340–344
Phytochemicals, 115
Phytoestrogens, 461–462
Piascledine, 401
Pickwickian syndrome, 259
Pima Indians, 29, 220, 257–258
Pioglitazone, 218
Piroxicam, 511
Placental factors, 46
Plant sterols, 77
Plyometrics, 343
Polybrominated biphenyl (PBB), 523
Polychlorinated biphenyls (PCBs), 523
Polycystic ovarian syndrome, 176,

243–244, 279
Polymyalgica rheumatica, 540
Polyunsaturated fat oxidation, 71–72
Postpartum weight loss, 236–237
Potassium

antitoxic activity, 524
bone nutrition, 454–455
magnesium and, 137
refeeding and, 294
total body, muscle mass estimation, 5

Potassium bicarbonate
supplementation, 461

Potassium citrate, 461
Potassium-magnesium aspartate, 420
Prader-Willi syndrome, 257
Prednisone, 414
Pregnancy, See also Fetal growth and

development
appetite and, 236
carnitine requirement, 279

chromium requirements, 181
estrogen and food intake, 236
malnutrition effects, 47, 297
maternal diabetes outcomes, 48, 255
protein requirements, 103
vitamin D and, 162

Premature infant formula, 56–57
Premature infants

enteral nutrition, 50–57
nutritional requirements, 48–50

Preoperative fasting, 512–513
Priapism, 412
Probiotics, 276, 418, 515, 535

surgical patients and, 276, 515
Progesterone, 236, 237

fibromyalgia treatment, 416
food intake and, 233

Propanolol, 215
Prostaglandins, 113
Prostate abnormalities, 372
Protease supplementation, 551
Protein, 5, 95–107, See also Amino acids

aging and dietary needs, 311–316
amino acid supplementation and,

314–316
bone health and, 104, 445–458
clinical evaluation, 100
deficiencies, 102–103
digestion and absorption, 97
excess intake, 100–102
exercise and, 103, 313–314
fad diets, 96, See also High-protein, low

carbohydrate diets; Low-protein
diets

fracture risk and, 312, 461
glucose metabolism and, 315
glycosylation, 91
gout and, 427
high-altitude requirements, 572
human ancestral diet, 447
immune function and, 104–105
individualized requirements, 96
injuries and, 105
intake and fracture risk, 447
as macronutrient, 96
magnesium absorption and, 141
muscle growth and, 356
nitrogen balance, 98–99
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nutritional ergogenic aids, 549
osteoporosis pathophysiology, 483
perisurgical requirements, 275–276
post-malnutrition refeeding effects,

292, 295
quality, 97–98
red blood cell production, 105
renal function and, 314
sarcopenia and, 308–310
skeletal muscle and, 103–104
structure of dietary proteins, 314
surgical outcomes and, 515

Protein turnover, 99–100
diet and, 312–313
hormonal effects and muscle

hypertrophy, 360
sarcopenia and, 308–310

Proteoglycans, 451
Proteolytic enzymes, 97
Provera, 416
Prozac, 421
Pseudotumor cerebri, 259
Pubertal development, bone and, 496
Public health perspective, 264–265
Pulmonary ventilation, 566–567
Purina-rich foods, 426
Pyridoxine, 538

Q

Quadriceps strain, 339
Quartering, 275
Quetiapine, 216

R

Race or ethnicity
childhood obesity and, 256
gender and, 232–233
resting metabolic rate and, 196–197
thrifty genotype hypothesis, 256–257

Radiocontrast nephropathy, 129
Radioimmuno-assays (RIA), 168
RANK ligand, 163, 476, 477, 481
Reactive oxygen species (ROS), 37,

112–113, 118, See also Free
radicals; Oxidative stress

surgery and, 123

Red blood cells, protein and, 105
Refeeding syndrome, 290–295

at-risk patients, 291
fluid balance, 292
glucose metabolism, 292
hepatic steatosis, 294
laboratory indicators, 291–294
management guidelines, 294–295
mineral deficiencies, 292–294
thiamine deficiency, 292

Reflex sympathetic dystrophy, 346
Renal function, See Kidney function
Repetitive use injury, stress

fractures, 495
Resistance training

combined anabolic steroid therapy, 364
muscle growth and, 356–357
older people and muscle health, 311

Resistant starches, 86
Respiratory exchange, 566–567
Resting metabolic rate (RMR), 194–200

age-related changes, 308
body composition and, 195–196
calorie-restricted diets and, 197, 199
determination, 203
diet exercise interactions, 198–200
excess postexercise oxygen

consumption, 200–201
exercise and, 198
gender and, 196
high-altitude energy requirements, 571
menopause and obesity, 238
predicting, 205
race and, 196–197
starvation and, 285

Restless leg syndrome (RLS), 412
Return-to-function phase, 343–344
Rhabdomylosis, 129, 293, 539
Rheumatoid arthritis

dietary fats and, 75
omega-3 fatty acids and

inflammation, 400
oxidative stress and, 121

Ribose, 83–84, 419
Rickets, 154–156, 484–485
Rosiglitazone, 218
Roughage, 88
Roux-en-Y gastric bypass, 219, 272
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S

S-adenosyl methionine (SAM), 394, 399,
402, 483, 551, 552

St. John’s wort, 509, 511, 551
Saliva, 433, 434
Salt

calcium interaction and bone
health, 463

supplementation, 133, 349
sweat excretion, 584

Sarcopenia, 100, 305–322
amino acid supplementation and,

314–316
anabolic steroid effects, 363
carnitine requirement, 317
clinical significance, 307–308
definition and characteristics, 305–307
DHEA and, 518
exercise and, 310–311
growth hormones and, 317–318
immune factors and, 36–37
inflammatory mediators, 33, 37
mechanisms, 308
mitochondrial uncoupling and, 38
muscle mass cut-points, 11–12
nutrigenomics, 28
osteoporosis risk and, 482
personalized medicine, 38–39
prevalence, 19, 20, 307
protein nutrition and, 311–316
screening, 306
sex hormones and, 319–322
vitamin D and, 316–317

Satellite, 357
Saturated fats, 68, 70
Scar formation, 341, 342
School accountability, 264
Seasonal affective disorder, 420
Selective serotonin reuptake inhibitors

(SSRIs), 105, 215, 511
Selenium, 525
Selenomethionine, 524, 529, 536
Serotonin

appetite regulation and, 215
chromium and, 176
5-HTP and, 105–106
hunger and thirst and, 133

Serotonin-specific reuptake inhibitors, 215
Serotonin syndrome, 511
Sertraline, 421
Shivering, 575–576, 577, 579
Sialic acid, 85
Sialoprotein, 476, 492
Single-photon absorptiometry, 14
Skeletal muscle

age-related atrophy, See Sarcopenia
amino acid reservoir, 309
CT pixel intensity values, 16
glucose uptake, 88
mass estimation, 11–12, 14
protein and, 99, 103–104

Skeletal muscle mass estimation, 5
Skinfold thickness measures, 9
Skin pigmentation, 157
Sleep apnea, 259, 278, 412
Sleep disorder, 408, 411–412
Slipped capital femoral epiphysis

(SCFE), 260
Sodium

antitoxic activity, 524
calcium interaction and bone

health, 463
heat stress and, 584–585
hyponatremia, 133, 134, 585

Sodium bicarbonate, 549
Sodium chloride, See Salt
Sodium replacement, 133

post-malnutrition refeeding effects, 292
Soft drinks, 463
Soft tissue manipulation, 342
Soluble fiber, 88
Soma, 412
Somatostatin, 214
Sorbitol, 84
Soy-based formulas, 56
Soy isoflavones, 462, 487
Soy proteins, 98, 462
Sperm count, 371
Spinal facilitation, 346
Spiral fractures, 497
Sports drinks, 547, See also Nutritional

ergogenic aids
Stainless steel, 181
Stanozolol, 375
Starches, 86
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chromium and, 182
resistant, 86

Starvation and fasting, 283–288, See also
Anorexia nervosa; Malnutrition

amino acid balance and, 309
bone health and, 296–297
clinical findings, 285–288
hormonal disturbances, 287–288
insulin and appetite effects, 217
mortality risk, 288
neonatal outcomes and, 47
physiology of, 284–285
post-starvation obesity, 295–296
refeeding syndrome management,

290–295, See also Refeeding
syndrome

Statin-induced myopathy, 350
Steroids, 67–68, See also Anabolic steroids
Stevia, 517
Strain, See Muscle strain
Strategic nutrition for orthopedic surgery,

513–518
alkalinizing foods, 514
amino acids, 514–515
antioxidants, 513–514
biotics, 515
bone nutrients, 516
carnitine, 517
comorbidities, 516–517
deficiency correction, 516
detoxification, 517
DHEA, 517–518

Strength training
resting metabolic rate and, 198
treating muscle strain, 343

Stress fractures, 494–496
Stress responses, 37–38
Subacute phase muscle strain, 341–343
Subjective global assessment (SGA), 288
Substance P, 139, 345, 347
Sucralose, 517
Sucrose, 85
Sugar alcohols, 84, 434, 517
Sugars, 83–86

perioperative nutrition, 517
soft drink consumption, 464
treating fibromyalgia/chronic fatigue

syndrome, 420

Sulfonylureas, 218
Sulfur, 397
Sunlight exposure, vitamin D formation

and, 157–159
rickets and, 154–156

Sunscreen, 157
Superoxide, 113
Superoxide dismutase, 454, 526
Surgical interventions

antioxidants and oxidative stress, 123
herbal supplements and, 508–512, See

also Herb-surgery interactions
preoperative fasting guidelines,

512–513
strategic nutrition, 513–518, See also

Strategic nutrition for orthopedic
surgery

weight control and, See Bariatric
surgery

Sweating, 578, 581, 583–584
magnesium excretion, 141

Synthroid, 413–414

T

Tacrolimus, 484
Tamoxifen, 369, 482
Teeth, 433
Television viewing, 263
Tender points, 346–349, 409
Tendon strain, 339, See also Muscle strain
Tennis elbow, 348
Testosterone, 362

age-associated reduction, 365
anabolic effects, 362, See also Anabolic

steroids; Muscle hypertrophy
bone health and, 477
epitestosterone ratio, 376–377
exogenous steroid therapy and blood

levels, 366–369
fibromyalgia/chronic fatigue syndrome

and, 416
muscle growth and, 360, 361–362, See

also Muscle hypertrophy;
Testosterone therapy

muscle health and, 317, 319
nutriogenomics, 36
thrombogenic effects, 374

Index 617

DK6006_C032_Index.qxd  12/1/2005  6:23 PM  Page 617



Testosterone therapy, 362–365, See also
Anabolic steroids

clinical use, 363
drug testing, 376–378
fibromyalgia/chronic fatigue syndrome

and, 417
indicators of use, See Anabolic steroids,

clinical and laboratory indicators
muscle hypertrophy, 364
physiologic effects, 362–363
women and, 363–364, 417

Tetracycline, 511
Tetrahydrogestrinone designer steroid

(THG), 379
Thermal stress, See Cold stress;

Heat stress
Thermic effect of food, 193–194
Thermogenesis, 575
Thermogenic effect of food, 579–580
Thermoregulation, 574–575

gender differences, 576
obesity and, 128
physiological response to cold, 575–578
physiological response to heat, 582–583

Thiamine deficiency, 140, 276, 292
Thiazolidinediones, 218, 243

Thimerosal, 528, 52
Thirst, 133
Thrifty genotype hypothesis, 256–257
Thrombogenic effects of testosterone, 374
Thymus dependent lymphocytes, 33

Thyroid disease, 35
Thyroid function, fibromyalgia/chronic

fatigue syndrome and, 413–414
Thyroid hormone, See also

Triiodothyronine
bone health and, 482
malnutrition and, 287

Thyrotropin-releasing hormone (TSH),
214, 414

Thyroxine, 287
Tin, 464
Tissue-level body composition, 6
T-lymphocytes, 530, 531
Tobacco use, 465, 480
Tongue, 432
Total body water (TBW)

age-related changes, 127

bioelectrical impedance analysis, 14
carbohydrate and hydration

promotion, 90
FFM relationship, 4, 7
high-altitude weight loss and, 570
hyponatremia and, 585
malnutrition and, 286
obesity and, 128

Total radical-trapping absorbance potential
(TRAP), 119

Toxic metals
“absence of evidence,” 526–527
antitoxic minerals, 524–525
bioaccumulation, 526, 527–529
bone health and, 464–465,

479, 483, 539
dental amalgam, 435, 529–530, 532
dietary interventions, 533, 535–-536
health care costs, 522
in herbal supplements, 508
iatrogenic exposure, 435
immune response, 526, 530–532
iron interactions, 279
magnesium metabolism and, 140
metallothionein and, 528–529
mineral nutrition and, 221
molecular pathophysiology, 525–526
oral markers, 435
penicillamine provocation protocol,

533–535
penicillamine therapy, 536, 537
sources of exposure, 524
weight reduction and, 279

Trabecular bone structure, 492
Transdermal hormone replacement, 241
Trans-fatty acids, 69, 70, 73

effects of maternal consumption,
73–74

lipid profiles and, 77
perioperative nutrition, 517

Traumatic injury
joint support nutrients and, 403
oxidative stress and, 119
protein and, 105

Trazodone, 412
Trenbolone, 379
Tricyclic antidepressants, 215
Trigger points, 347, See also Tender points
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Triglycerides, 5, 67–68, See also Lipids
anabolic steroid effects, 373
diet and, 259

Triiodothyronine (T3), 222, 350,
360–361, 413, see also
Thyroid hormone

Tryptophan, 105
Tubal ligation, 416
Tumor necrosis factor alpha (TNF-a), 33,

399
estrogen and bone health effects, 481
osteoarthritis and, 393

Turmeric, 275
Turner’s syndrome, 482
Twin studies, 30
Two-compartment model, 5
Tyramine-containing food, 511

U

Ultrasound therapy, 340, 342
Underwater weighing, 12–13
Unsaturated fats, 68, 70
Urate crystals, 425, 426
Urban caveman diet, 144–145
Uric acid, 114, 117, 122, 426, 427
UVB radiation, 157, 169

V

Vagal stimulation, 273
Valerian, 511
Valine, 106
Valproate, 216
Vanadium, 524
Vasoactive inhibitory peptide, 214
Vasopressin, 130
Vegan or vegetarian patients, protein

requirements, 102–103
Vertebral discs, dehydration and,

132–133
Vertebral manipulation, 346
Vertical banded gastroplasty, 271, 272
Very-long-chain polyunsaturated fatty

acids, 56
Viral infection, 418
Visceral fat, 6, 10, See also Body

composition

Vitamin A
bone health and, 457
obesity and, 123

Vitamin B1, See Thiamine deficiency
Vitamin B12, 276–277

bone health and, 458
joint support, 399
muscle healing and, 350
supplements, 277
treating fibromyalgia/chronic fatigue

syndrome, 419–420
Vitamin B3, 401–402
Vitamin B6, 538
Vitamin C

arthritis and, 121
blood levels, 114
bone health and, 456–457
cartilage health and, 401
gout and, 427
immune function and, 552
muscle strain healing and, 350
osteoporosis pathophysiology, 483
perisurgical requirements, 275
soft tissue health and, 434
surgery and, 514
tissue injury and, 552
water solubility, 116

Vitamin D, 153–171
aging and, 165–167
appetite and, 221
bariatric surgery and, 171
bone health and, 455–456, 465,

477, 481
deficiency and obesity risk, 170–171
deficiency detection, 167–168
deficiency treatment, 168–169
essential fatty acids and, 458–459
food fortification, 156
gender and, 316
gout and, 428
history, 154
hormonal status of, 153–154
intoxication, 170
metabolism and calcium function, 154,

162–163
muscle health and, 316–317
noncalcium functions, 164
osteoporosis and, 448
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osteoporosis treatment, 487
photosynthesis, 157–159
rickets, 154–156
skeletal muscle function, 165–167
sources, 160–161
supplements, 169
surgery and, 516
treating fibromyalgia/chronic fatigue

syndrome, 420
Vitamin D2, 159–161
Vitamin D3, 158–161
Vitamin D receptors (VDRs),

162–163, 165
Vitamin E

aging and, 122
arthritis and, 121
athletic performance and, 120
blood levels, 114, 117
deficiency-associated disease, 121
lipid solubility, 116
obesity and, 123
toxic metals and, 536

Vitamin K, 457–458, 483, 487

W

Waist circumference, 10–11
Warfarin, 483
Water, 5, 127–134, See also Total body

water
appetite regulation and, 221
aquaporins, 128, 130
bone nutrition, 462
carbohydrate and hydration promotion,

90, 133–134, 349
cellular health and, 129–130
cold environment and, 578
dehydration and back pain, 132–133
dehydration and knee osteoarthritis,

130–132
drought management, 128
food intake  and, 133
glycerol and, 583
heat stress and, 583, 584–585
hyperhydration, 134, 583
hyponatremia, 133, 134, 585
malnutrition and fluid balance, 292
mineral nutrition and, 138
obesity and physiological transport, 128

post-malnutrition refeeding effects, 292
practical hydration issues, 133–134
sports drinks and, 547–548

Weight loss
bone health and, 276
calorie restriction and metabolic

rate, 197
chromium and, 178–179
combination therapy, 222
diet and exercise interactions, 198
energy balance and, 206, See also

Energy balance
estrogen and postpartum weight control,

236–237
exercise energy expenditure, 200
high altitude, 570
insulin sensitivity and, 244
malnutrition and, 276
osteoarthritis treatment, 395
reduced carbohydrate diets

and, 82–83
surgical interventions, See Bariatric

surgery
toxic metals and, 279
weight recidivism, 278

Weight-reducing surgery, See Bariatric
surgery

Wernicke’s encephalopathy, 140, 292
Wet bulb globe temperature (WBGT),

580–581
Whey proteins, 98, 106, 314,

349–350, 515
Wilson’s disease, 537

X

Xanax, 411, 412
Xanthine oxidase inhibitors, 427–428
Xenobiotics, 521–540

absence of evidence, 526–527
bioaccumulation, 527–529
dietary interventions, 533, 535–536
health costs, 522, 525
heavy metals, See Toxic metals
immune response, 530–532
penicillamine in clinical practice,

537–539
penicillamine provocation, 533–535
persistent organic pollutants, 522, 523
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Xerostomia, 434
Xylitol, 84–85, 434, 517

Y

Yeast infection, 418
Yogurt, 276

Z

Zinc, 452–453, 524, 529
deficiency effects, 278, 289,

452–453, 514

enzymes and, 350
malnutrition intervention, 289–290
neuroendocrine appetite-regulating

function, 221
nutritional ergogenic aids, 549
toxic metals and, 530, 536
wound healing and, 514

Zoloft, 421
Zolpidem, 411
Zotepin, 216
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