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ABSTRACT
The field of human body composition research is reaching a mature stage in
its development: The three interconnected areas that define body composition
research—models and their rules, methodology, and biological effects—are well-
defined and are actively investigated by scientists in diverse disciplines from many
different nations; and methods are available for measuring all major atomic,
molecular, cellular, and tissue-system level body composition components in
research, clinical, and epidemiological settings. This review summarizes main
body composition research concepts, examines new component-measurement
methodologies, and identifies potential areas of future research.
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INTRODUCTION

A daily growth hormone injection increases fat-free body mass in patients with
acquired immune deficiency syndrome (AIDS) (46). What does this mean?
Does the increase in fat-free body mass reflect the well-known anabolic effects
of growth hormone, or does it represent the equally well-characterized fluid-
retaining properties of the hormone and closely related insulin-like growth
factor-1 (58)?

In elderly subjects, regular exercise increases strength and, to a small but
statistically significant extent, cross-sectional thigh muscle area (21). Does
the increase in skeletal muscle area, measured by magnetic resonance imag-
ing (MRYI), indicate exercise-mediated net muscle protein synthesis, or is the
enlarged muscle area secondary to augmented glycogen and water retention?

These and other questions are at the center of a rapidly expanding field
referred to as body composition research. This review describes important
recent advances in this field, with an emphasis on examining the questions and
issues posed by modern nutritional, exercise, and pharmacological therapies.

SCOPE OF BODY COMPOSITION RESEARCH

Although more than a century old, the field of body composition research has
emerged only recently as a distinct area of scientific inquiry. The main body of
knowledge in this expanding area of human biology can be found in the over
3900 research articles, 18 books, and 4 international symposia proceedings
related to body composition published since the early 1960s (77).

This vast and growing body of information can be organized into three dis-
tinct, interconnected areas: body composition rules; methodology; and bio-
logical effects (77). That each area interacts with the others (for example,
the biological action of growth hormone on expanding extracellular fluid has
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Figure1 Some of the main components at the first four body composition levels. (From Reference
39 with permission.)

important effects on the validity of methods used to estimate total body fat) is a
central concept that should be considered when interpreting body composition
research.

The body composition rule area organizes the more than 30 main body com-
ponents into five distinct levels of increasing complexity: atomic, molecular,
cellular, tissue system, and whole body (77). Some of the main components
at the first four body composition levels are shown in Figure 1. Within this
research area, investigators establish the various characteristics of body com-
ponents and their quantitative relationships to one another, the “rules.” Several
commonly applied rules are that 16% of protein is nitrogen (14), 77% of fat is
carbon (45), and approximately two thirds of excess body weight in adults is
fat (22).

An important concept when considering the five-level model is that compo-
nents at successively higher body composition levels are composed of lower-
level components. A classic example is that adipose tissue, a tissue-system
level component, includes components such as adipocytes at the cellular level,
lipids at the molecular level, and carbon at the atomic level (Figure 1). Loss or
gain of adipose tissue with a new intervention reflects changes in corresponding
components at the cellular, molecular, and atomic levels.

Another important concept is the existence of a body-composition steady
state. During stable periods, such as with maintenance of body weight and
fluid homeostasis, there are relations between components that are constant or
relatively constant within an individual and between different individuals. For
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Table 1 Body composition levels and some relevant measurement methods

Recently developed or improved

Level methods Other methods
Atomic Neutron activation analysis Whole-botfiK counting
Tracer dilution
Molecular Bioimpedance analysis Underwater weighing
Dual energy X-ray absorptiometry  Infrared interactance
Multicompartment models Tracer and gas dilution
Cellular Tracer dilution
Tissue system  Computerized axial tomography Ultrasound
Magnetic resonance imaging 24-h urinary creatinine and
3-methyl histidine excretion
Whole body Anthropometry

example, even though fat and adipose tissue are molecular and tissue-system
level components, respectively, there exists a reasonably stable relationship
between the two, both within and between subjects (i.e. fat rras€0.80 x
adipose tissue mass) (72). This fundamental concept is central to development
of body composition methods. That is, provided with a measured property
or component, the investigator can estimate an unknown component based on
assumed stable property-component or component-component relations.

In the following sections, we provide a description of each body composi-
tion level, followed by an overview of measurement methods and component
relationships. Our methodology focus is on improved or recently developed
technologies (Table 1).

ATOMIC LEVEL

Elements are the fundamental building blocks of all biological organisms.
About 50 of the 106 elements found in nature are also found in the human
body, and many of these are required by humans for growth and health main-
tenance (77). Today, all 50 of these elements can be measured in vivo along
with additional nonessential and toxic elements such as Hg, Al, Cd, and Pb.

Components and Their Relationships
Four elements—O, C, H, and N—account for over 95% of body mass and with
an additional seven—Na, K, P, Cl, Ca, Mg, and S—comprise over 99.5% of
body mass (72, 77).

Elements maintain stable or relatively stable associations with other ele-
ments and with components at higher levels (Table 2). Several of these asso-
ciations are (kg/kg): S/N= 0.062; N/protein= 0.16; Cl/triacylglycerol=
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Table 2 Examples of body composition modgls

Level/level Model
Atomic/atomic TBS= 0.062 x TBN
Atomic/atomic TBP= 0.456 x TBCa+ 0.555 x TBK
Atomic/molecular TBCa= 0.364 x Mo
Atomic/molecular TBN= 0.16 x protein
Atomic/molecular TBK= 0.00266 x fat-free body mass
Atomic/molecular Carbon= 0.774 x fat
Atomic/molecular TBS= 0.010 x protein
Atomic/cellular TBK = 0.00469 x body cell mass
Atomic/whole body TBH= 0.10 x BW
Molecular/molecular TBW= 0.732 x fat-free body mass
Molecular/molecular Glycogen- 0.044 x protein
Whole body/atomic BW= O+ C+H+ N+ Ca+ P+ S+ K + Na+ Cl + Mg
Whole body/molecular BWE lipids + water+ protein+ Mo + Ms + glycogen
Whole body/molecular BWE= fat + fat-free body mass
Whole body/cellular BW= cell mass+ extracellular fludist extracellular solids

Whole body/tissue system B\ adipose tissug- skeletal muscle- bone
+ viscera+ blood+ R

Whole body/whole body BW= head+ neck+ trunk + lower extremities
+ upper extremities

3All units are in kilograms. Abbreviations: TB, total body; Mo, bone mineral: BW, body
weight; Ms, soft tissue mineral; R, residues.

0.77; K/intracellular watee= 150 mmol/liter; and H/body weight= 0.10 (65,

72). These known relationships, or rules, allow development of body composi-
tion models for estimating unknown components, such as pretemeasured
N/0.16 or N x 6.25 (14). Associations between components based on chem-
ical bonds (i.e. covalent and ionic) are among the most stable used in body
composition research and often form the basis of reference methods. For ex-
ample, in humans, the proportion of bone as mineral is relatively stable, even
in patients with osteoporosis (38). The main constituent of bone mineral is
calcium hydroxyapatite, and calcium is therefore a stable proportion of bone
mineral and bone (39). As less than 1% of total body calcium is found in soft
tissues, measurement of calcium provides an accurate means of quantifying
bone mineral in vivo.

Nonchemical elemental associations, such as the concentration of potassium
in intracellular water, are relatively stable in healthy individuals but may show
larger deviations with some diseases. Accordingly, total body potassium can
be used to estimate intracellular water volume and body cell mass in healthy
adults and in patients with stable fluid and electrolyte balance (57). On the other
hand, intracellular potassium concentrations may undergo large alterations in
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end-stage diseases and in conditions in which severe electrolyte disturbances
are present. This underscores the important interactions between the areas of
methodology and biological effects in body composition research. Forexample,
one could not rely on measured total body potassium for estimating body cell
mass in an end-stage AIDS patient in whom severe diarrhea and malnutrition
produced serious acid-base and electrolyte disturbances.

Measurement Methods

Elements are typically quantified for the whole body or in specific regions. The
exchangeableef mass of some elements can also be measured, such as for
sodium (Ng@) and potassium (8 (22). The exchangeable compartment of an
element is typically defined as the element’s volume of distribution, usually
measured with a radioisotope, over a specified period of equilibration. Lastly,
it is possible to measure the distribution volume of some exogenously admin-
istered elements, as for example bromide ({Bwhich has a dilution volume
similar to the more-difficult-to-measure endogenous chloride distribution vol-
ume (67).

The 11 main elements and exogenously administered elements such as bro-
mide can be measured in vivo by one or more methods. All in vivo human
body composition methods, including those for elements, are ultimately based
on measurable and relevant radioactive, electromagnetic, and physiological
properties (76).

Once measured, a property must be mathematically transformed into the
component mass of interest. The transformation process requires use of a
mathematical function, and two main types can be arbitrarily defined (10a, 76).
The first function type is based on an empirically derived relationship between
the component and measured property. A reference method is used to estimate
the component in a well-defined subject group in whom the property is also
measured. A statistically derived component-prediction equation is developed
and then cross-validated in a new subject group. We refer to these component-
prediction equations as descriptive or type | mathematical functions (10a, 76).
There are a large number of property-based prediction formulas for atomic level
components (20).

The second type of mathematical function is based on stable relationships
between properties and components, many of which can be understood in terms
of their underlying biological basis. We refer to this category as mechanistic or
type Il mathematical functions (76), and there are many examples for atomic
and higher level components. Some stable associations used in atomic and
higher level component estimation formulas are summarized in Table 3. The
development and validation of type Il models is one of the most active areas of
body composition research.
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A classic type Il property-based atomic level method, and a good example, is
estimation of total body potassium from the measyrady decay of naturally
occurring®K (22). Potassium is predominantly nonradioac#f¥¢, although a
small proportion (0.0118%) consists of radioacti%. This mixture of potas-
sium isotopes also occurs in human tissues, and the 1.46sMestay of*°K
can be measured in whole-body counters of variable design. Once the sub-
ject’s4%K amount is known, total body potassium (TBK, in millimoles) can be
estimated as TBK= 4%K/0.0118% (22).

Some atomic and higher level components can be estimated from other known
components by using type | or type Il mathematical functions. These are
referred to as component-based methods, and there are a number of them for
estimating the 11 main atomic level elements (76). Representative examples
of types | and Il property- and component-based methods are presented in
Table 3.

IN VIVO NEUTRON ACTIVATION ANALYSIS ~ The most important development in
measuring atomic level components occurred with accidental radiation expo-
sure following nuclear reactor accidents in 1945 and 1946 (40). Ten subjects
were exposed to neutron ampdray bursts, following which inducetfNa in

their bodies was used as a measure of radiation exposure. Anderson and col-
leagues subsequently used controlled neutron irradiation for estimating total
body Na and Cl in vivo (2). A number of methods have collectively descended
from these seminal studies; they are referred to as in vivo neutron activation
(IVNA) analysis (5,12, 13,18, 20).

As with accidental radionuclide exposure, controlled neutron irradiation in-
duces release of-rays from tissue nuclei, and thegerays have element-
specific detectable energies. Neutron activation analysis methods can quantify
all of the main elements found in vivo, including total body H, C, N, O, Na, Ca,

P, and ClI (52). Total body K can be measured Wt whole-body counting,
a procedure included as part of some IVNA protocols.

Neutrons ) are uncharged nuclear particles with a mass of 1. A number of
methods produce controlled neutron beams of varying energy that are useful
in IVNA systems. An important feature of neutrons is their intensity, usually
estimated as the amount of energy per unit of time crossing a unit of area,
expressed as kilo electron volts per square meter per second. Neutrons can be
characterized as fast or high energylQ keV to 20 MeV) and low energy or
thermal (0.2 eV to 10 keV). Fast neutrons are optimum for tissue penetration
and favor some forms of neutron-nuclear interactions. Most neutron-nuclear
interactions of importance to IVNA methods, however, occur with thermal
neutrons. Neutron activation systems, therefore, include a fast-neutron source
and rely on neutron thermalization with tissue interactions.
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While there are many possible IVNA neutron sources, several examples
will provide an overview of general concepts. An important neutron source is
238pyBe, which spontaneously undergoes the so-calledreaction:

2Py 234U + a(*He) —

‘Be+ a(*He) >2C+n. —

Alpha particles, consisting of two neutrons and two protons, are equivalent to
the helium nucleus. The resulting fast neutrons-ade5 MeV (13).

Another approach is available for generating fast neutrons with a miniature
accelerator (45). Deuterons, the nucleus (neutrprnoton) of the stable isotope
deuterium {H,0), are accelerated inside a small sealed tube until they reach a
tritium (°H,0) target. The deuterium-tritium fusion reaction results in helium
production and release of 14 MeV neutrons. The neutron generator tube must
be replaced when component isotopes are exhausted.

Produced fast neutrons interact with tissue nuclei and are absorbed or they
escape from the system through free surfaces (66). Some neutrons lose energy
by scattering as they collide with tissue elemental nuclei. The main scatter-
ing reaction is elastic, primarily with abundant hydrogen nuclei, and part of the
neutron’s kinetic energy is transferred to the incident nucleus and the remainder
remains with the recoiling neutron. This reaction is denoted'§ as incident
particle and emitted particle. Elastic scattering reactions transfer a large pro-
portion of neutron energy to incident hydrogen protons as hydrogen is the most
abundant nucleus, the two particles are similar in mass, and hydrogen has a
large collision cross section. Higher energy neutrons, those at or above about
6 MeV, also can undergo inelastic scattering, in which some of the neutron’s
kinetic energy is converted to internal nuclear energy and in the process excites
the incident nucleus with rapig-ray releaser(, n'y).

Fast neutrons flowing across tissues, thus, are either absorbed or moderated
by a series of elastic and inelastic collisions until thermal equilibriumis reached.
The produced thermal neutrons rapidly diffuse through tissues and are captured
within a few hundred microseconds by elemental nuclei. This radiative capture
increases the element’s mass by one nucleon and resuyitsayg release at
energies specific to the incidentelement (12). Thisimportantreactionis denoted
(n, ¥) in the physics literature.

Two types of neutron-nuclear interactions, thus, produemys that are
useful in IVNA: inelastic scattering with fast neutrons, and radiative capture
with thermal neutrons. Three representative systems in use at Brookhaven
National Laboratory (BNL), Long Island, provide good examples of the main
IVNA methods in current use (17, 52).
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Prompty, neutron activation The BNL prompty neutron activation system

is currently used to measure total body Hand N (17, 52). Neutrons with average
energy,~3.5 MeV, are released by a collimatétPuBe source positioned
beneath the recumbent subject. A deuterium premoderator ensures uniformity
of neutron flux. Radiative thermal neutron capturett produces activated

lSN*

~10 s
YN 4+ n — N*— N (stable + Ey (10.83 MeV).

Activated>N* decays rapidly, producing staBf\ and releasing in the process
a characteristic 10.83 Me)/-ray. y-Rays produced in the reaction are counted
simultaneously with irradiation, and because their release is ragdi@(° s),
the method is referred to as promptin vivo neutron activation analysis.
Sodium iodide detectors quantify producgerays. Two spectral peaks are
measured, H at 2.223 MeV and N at 10.83 MeV.

Prior to IVNA evaluation, the subject’s total body water is measured by
tritium or deuterium dilution. Anthropometric measurements are also made,
and equations are then used to estimate the subject’s total body H (17, 52, 66).
Hydrogen is then used as an internal standard to estimate total body N. Using
hydrogen as an internal standard eliminates some of the technical concerns
related to body habigs.

Scans are typically carried out from shoulder to knee and require about
1 h for completion. The coefficient of variation (CV) for repeated phantom
measurements is 2.8% for total body N with a radiation exposure of 80 mrem.

Delayed-g neutron activation Some thermal neutron capture reactions pro-
duce radionuclides with relatively short half-lives. The decay of these radionu-
clides with consequent-ray emission can be measured within a short time
interval (~5-20 min) following irradiation. This approach is referred to as
delayedy neutron activation analysis because counting occurs following irra-
diation.

The BNL delayedy neutron activation system is currently used to measure
total body Ca, P, Na, and CI (17, 52). Fast neutrons®6 MeV are generated
with 14 encapsulatetf®PuBe sources positioned above and below the recum-
bent subject, who rests for 5 min inside the irradiation chamber. The subject is
irradiated with fast neutrons and the reaction for calcium, for example, is

+B8"
®Ca+n — ¥Ca— ¥scr & “sc + Ey (3.084 MeV).

The notation for this reaction is given &§Ca, g)*°Sc] for [target nucleus
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(incident particle, emitted particle) residual nucleus]. The irradiated subject
is then moved to a counting area within 5 min, where the 3.084-Mea¥%ys

from 4°Ca decay are measured in the shielded BNtay spectrometer over
an~8-min period. Measured counts are converted to absolute total body Ca
values by calibration with an anthropomorphic phantom with enclosed artificial
skeleton. The phantom is designed for analysis of components, such as total
body Ca, that are not uniformly distributed throughout the body.

The CV for total body Ca measurement by delayedeutron activation
analysis is 1.5%, with a radiation exposure of 575 mrem. The delay@NL
system also allows measurements of total body Cl, Na, and P with CVs of 1.7%,
1.6%, and 2.5%, respectively.

Inelastic neutron scattering The inelastic neutron scattering system at BNL

is used for measuring total body C and O. Incoming fast neutrons that interact
with matter by inelastic collisions result in prompt nuclear deexcitation with
y-ray releaser(, n'y). The reaction for carbon is

!/

n
2C4n - 2C* & 2C+Ey (4.44MeV).

Increasing the energy of produced neutrons augments the probability of in-
elastic scattering reactions, such as this one for carbon, that have fast-neutron
thresholds.

The BNL inelastic neutron scattering system is based on a miniature D,T
sealed-tube, pulsating (4-10 kHz) neutron generator positioned beneath the
recumbent subject. The 4.44-MeMrays produced by inelastic scattering of C
are detected by two bismuth germanate crystals positioned on each side of the
subject. Detected counts measured over 30 min as the subject moves over the
neutron cloud in both supine and prone positions are converted to total body C
based on reference phantom calibrations. The BNL inelastic neutron scattering
system CV is 3.0% for total body C, with a radiation exposure of 50 mrem.

Representative protocolThe three BNL IVNA systems and whole-body
counter are all located near each other. Subjects arrive in the early morn-
ing and are given an informed consent to sign. They are then evaluated for
total body K in the whole-body counter and for tritium dilution volume. The
estimate of tritium dilution volume is used in developing the total body water
component for multicompartment models and also contributes with anthropo-
metric measurements to derivation of total body H. The subject’s predicted total
body H is used as an internal standard for total body N estimation by prempt-
neutron activation analysis. The three IVNA studies are then completed, and
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subjects are discharged in the early afternoon. The collective studies allow
measurement of total body H, C, N, Na, K, Ca, Cl, and P.

The BNL systems are representative of IVNA installations throughout the
world (5,6,12,13,66). Each system has special characteristics, although all
are based op-ray release with neutron tissue-matter interactions.

Role in body composition researciNeutron activation systems are costly and
require a skilled group of investigators to maintain and operate. Asaresult, there
are only a few centers in the world that have resources similar to those at BNL.
The importance of these facilities is that elemental analysis allows reliable and
reproducible reconstruction of molecular level components such as total body
fat, protein, and mineral (38). This important characteristic of IVNA methods
positions them as uniquely qualified to serve as reference methods, particularly
in conditions in which unstable component associations render many currently
available methods inaccurate.

MOLECULAR LEVEL

Molecular level body composition components are integral to research in many
nutrition areas, including energy, protein, and lipid metabolism, bone mineral
homeostasis, and water balance.

Components and Their Relationships

The many different chemical compounds found in the human body can be
classified into five main groups: lipids, water, proteins, carbohydrates (i.e.
glycogen), and minerals (Figure 2) (77). Subfractions of components can also
be defined, as for example the triacylglycerol or fat portion of lipid, the extra
and intracellular portions of total body water, and bone and soft-tissue minerals.

Lipids are defined as chemical compounds that are soluble in lipid solvents
such as diethyl ether and chloroform (29). The most abundant lipid species in
humans are the triacylglycerols, which generically are often referred to as fats.
Some authors inaccurately use the term fat in reference to total lipids, adding
some confusion to the published literature. The non-fat lipids include phospho-
lipids, sphingolipids, and steroids. In humans triacylglycerols or nonessential
lipids are energy storage compounds, while the remaining lipid species are
essential in various biochemical and physiological processes.

Water is mixed with electrolytes in vivo and bound ionically to varying
degrees with protein, glycogen, and other polar chemical compounds. Water
is distributed into the intracellular and extracellular compartments, and the
extracellular water compartment includes five subcompartments: interstitial,
plasma, connective tissue, bone, and gastrointestinal tract (22, 76).
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Figure 2 Molecular level components.

There are many different families of proteins, but noninvasive body compo-
sition methods are available only for estimation of total protein (14) and muscle
and non-muscle proteins (13).

There is less than 1 kg of glycogen in healthy adults; the remaining carbohy-
drates are considered negligible (16, 72). The two main intracellular glycogen
pools are in liver £1% wet weight) and skeletal muscle 2% wet weight)

(72). Until recently, most of the available information on glycogen in vivo was
obtained with biopsies of selected muscle groups. The growing availability of
nuclear magnetic resonance spectroscopy systems for human use is providing
new noninvasively obtained information on the amount of and dynamic changes
in intracellular glycogen (44).

Minerals comprise about 5% of body weight in healthy adults and are dis-
tributed in two main compartments: bone minerals and non-bone or soft-tissue
minerals. The main constituent of bone minerals is calcium hydroxyapatite
[Cag(POy),1Ca(OH) (38), with small contributions made by Na, K, Mg,
and Cl. Soft-tissue minerals include well-known ions such a$, ¥a, ClI-,
HPOQ,?~, and HCQ™ (38).

Although there are five main molecular level components, it is common to
combine componentsin order to develop body composition methods. Forexam-
ple, the molecular level can be described as any of the following combinations:
a two-compartment model in which body weight (B\A4) fat + fat-free body
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mass, and BW= lipid + lipid-free body mass; a three-compartment model in
which BW = fat + water+ residual (i.e. the sum of glycogen, minerals, and
protein) (76), and BW= fat 4+ bone minerak- lean soft tissue; and a four-
compartment model in which BW= fat + water+ minerals+ residual (i.e.

the sum of glycogen and protein). There still remains some uncertainty in these
various models oninclusion of the nontriacylglycerol essential lipid component.

Many stable relationships recognized for the molecular level are integral to
the body composition methodology area (Table 1). One of the most important
features of molecular level components from the methodology perspective is
their physical density. This is because whole-body density is relatively easy to
measure accurately in most children and healthy adults (26), and many molec-
ular level models are based on density or closely related body volume (39, 49).
Three components—water, glycogen, and triacylglycerols (i.e. fat)—are ho-
mogeneous or approach homogeneous chemical moieties from the body com-
position viewpoint. Accordingly, their densities at body temperature were eas-
ily established by early investigators using conventional gravimetric methods.
Protein, bone mineral, and soft-tissue mineral are heterogeneous with respect
to composite amino acids, minerals, and electrolytes, and their densities were
more difficult to estimate. Representative bone samples, for example, can be
exposed to-500°C for a prolonged period, and the density of the remaining
ash can be measured with gravimetric methods (38).

The density of combined components such as fat-free body mass can be
calculated by assuming relatively stable proportions among the various con-
stituent chemical components (7). The calculated and assumed constant densi-
ties of combined molecular level components are the basis of two-, three-, and
four-component molecular level models, which are formulated on body density
or volume measured with underwater weighing (7) or newer air displacement
plethysmograph systems (55).

Other important stable relationships at the molecular level include the hy-
dration (59) and potassium content (22) of fat-free body mass (Table 2).

Measurement Methods

There are many methods for estimating molecular level components. As some
of these methods are reviewed in detail elsewhere (62), we concentrate on recent
methodological developments.

Some measurable body properties—such as impedance to an electrical cur-
rent, attenuation of X-rays, and ultrasonic waves, body weight, and body
volume—can be used in developing molecular level methods (22). We now ex-
amine several of these methods, with the aim of reviewing their underlying phys-
ical basis and application in the broader area of body composition methodology.
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BIOIMPEDANCE ANALYSIS  Bioimpedance analysis (BIA), the subject of an ex-
tensive multi-author publication organized by the Nutrition Coordinating Center
at the National Institutes of Health, has important potential as a field body com-
position method (23). Most body composition methods are costly and difficult
to transport and require specialized teams for their maintenance and optimum
performance. In contrast, BIA systems are usually inexpensive, easy to carry
from one site to another, and simple to operate. BIA, therefore, is a useful
supplement to anthropometry.

In the BIA method, an alternating current at one or more frequencies is
introduced via electrodes across a tissue bed, and impedance (voltage drop) to
electrical flow is detected. Impedance is the opposition of tissue to current flow
and is the inverse of conductance. Electrolyte-rich fluids such as body water
pose the least impedance to electrical flow, while lipids and bone minerals
provide the most (3). Accordingly, impedance and its two main components,
resistance and reactance, are primarily determined by the volume of fluid present
in the electrical pathway. Many BIA prediction formulas at specific electrical
frequencies are available for estimation of total body water and its two main
subcompartments, extracellular and intracellular water (23). Fluids and water
form relatively stable relationships with other components, and BIA methods
are often designed to quantify fat-free body mass and, indirectly, fat (i.e. body
weight minus fat-free body mass). All currently used BIA approaches are type
I, which are reference-method dependent.

In the standard whole-body BIA method, electrodes are placed on the hand
and foot, although increasing attention is focusing on segmental measurements,
since impedance appears to be determined mainly by the arms and legs. Strin-
gent measurement conditions are recommended for BIA, and prediction formu-
las must always be validated (23). There is growing use of BIAin field studies of
body composition, and a rapidly expanding area is the use of impedance meth-
ods for clinically evaluating subjects with altered hydration, such as dialysis
patients (23).

Animportant limitation of BIA methods is that many underlying assumptions
are required, and some of these either have not yet been adequately explored
or are known to be inaccurate. For example, traditional BIA methods employ
a geometric model that assumes the component of interest is homogeneous in
composition and uniform in cross-sectional area (50, 51). The typical electrical
pathways used with BIA in humans fail to conform to such idealized conditions.

Similar concerns related to BIA validity are now undergoing critical analysis
by investigators actively engaged in body composition research. Bioimpedance
methods, therefore, should be used only under appropriate and carefully con-
trolled conditions.
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DUAL ENERGY X-RAY ABSORPTIOMETRY Francis Moore, one of the pioneers

in body composition research, tried with limited success 30 years ago to es-
timate skeletal weight in vivo (57). The introduction of IVNA for total body
calcium measurement in 1964 (2) led to the first analysis of bone in living
subjects. However, IVNA exposes subjects to radiation, and studies in healthy
children and young women are not usually recommended. A new strategy for
estimating bone mineral was introduced in 1963 by Cameron & Sorenson (11).
A radionuclide source was placed on one side of a subject’s wrist, a location
with minimal soft tissue, and a photon detector was placed on the opposite side
of the wrist. Atomic interactions between radionuclide-emitted photons and
elements within bone mineral attenuated the photon beam, and reduced flux
was measured in the photon detector. The technique, which became known as
single photon absorptiometry, was an important development in the assessment
of wrist bone mineral content.

The bone mineral content of the hip and spine are also important in the study of
osteoporosis. Photons passing through soft tissues overlying hip and vertebral
bones are attenuated not only by bone minerals but by soft tissues as well.
The problem of non-bone photon attenuation was solved by treating the photon
pathway as a two-component mixture consisting of bone minerals and soft
tissue. Two photon energies, typically provided by radionuclide sources, were
used to estimate the bone mineral and soft-tissue content of each pixel. Known
originally as dual-photon absorptiometry, the recent use of X-ray photon sources
led to methods collectively referred to as dual energy X-ray absorptiometry
(DXA) (54). Moore’s hope of measuring the skeleton has been fulfilled on
a wide scale. Most large hospitals in the United States have available DXA
systems for whole-body and regional bone mineral evaluation.

In order to solve for pixel bone mineral, DXA systems must also establish
attenuation characteristics of overlying soft tissues. These characteristics, ex-
panded upon in the following sections, also allow estimation of fat and fat-free
soft tissues. Most DXA systems with appropriate software are therefore now
capable of estimating whole-body and regional bone mineral, fat, and fat-free
soft tissues (Figure 3). As extremity fat-free soft tissue is mainly muscle, ex-
cept for a small amount of skin and connective tissue, DXA also is capable of
providing appendicular skeletal muscle mass estimates (37).

The DXA physical concept is not complicated, although actual implementa-
tion and software development is complex. The system X-ray source produces
a polychromatic photon spectrum. Two main energy peaks are then created
using one of two strategies: electrically pulsing the X-ray tube, or allowing
the X-rays to pass across a rare earth cerium or samarium k-edge filter (73).
Exponential attenuation of photons occurs as they pass across the subject’s
tissues secondary to two main types of interaction, Compton scattering and
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Figure 3 DXA molecular level model. The lean component as shown in the figure is equivalent
to fat-free body mass. (From Reference 60 with permission.)

photoelectric effect (42,43, 73,78). Diminished photon intensity for each of
the energies is recorded by appropriately positioned detectors. The attenuation
characteristics are used to estimate the fraction of each component in the eval-
uated pixel: soft tissue plus bone mineral in pixels with bone; and fat plus lean
soft tissue in pixels with soft tissue alone.

X-ray attenuation in human tissues at typical DXA energies is related mainly
to the type and proportion of elements present and to photon energy (28).
Elements with low atomic numbers (e.g. H and C) minimally attenuate photons,
while elements with higher atomic numbers (e.g. Ca and P) strongly attenuate
photons. As photon energy is increased, there is less photon attenuation.

The degree to which an element attenuates photons can be expressed as an
experimentally measured constant referred to as the mass attenuation coeffi-
cient. Each element has a characteristic mass attenuation coefficiphiag
any specified photon energy. It can be shown mathematically that the ratio of
photon attenuation at DXA's two main energies for any element is equivalent to
the ratio of the element’s energy-specific mass attenuation coefficients. Mass
attenuation coefficients can also be calculated for chemical level components
according to their elemental composition.

A convenient expression that relates attenuation at the two DXA energies is
the R value, which is the ratio of attenuation at the low- to high-energy peak
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(28). For example, thR value for a hypothetical pure hydrogen tissue would be
equal to the ratio of hydrogen’s energy-specific mass attenuation coefficients.
At typical energies, such as 40 and 70 kaYp for hydrogen are 0.3458 and
0.3175 with arR value of 1.0891. For complex mixtures, such as are present
with real tissues, the measur@dalue reflects the mass fraction of each element
present (60).

In concept, DXA systems measure Realue of each pixel (27, 60). When
considering only those pixels with soft tissue, fat has a relatively large amount
of lowerR carbon R = 1.2199), whereas lean soft tissue has a relatively large
amount of higheRoxygen R = 1.4167), nitrogefR = 1.3043), and residual
electrolytes and minerals (Figure 4). For the Reference Man (72), the theoret-
ical R values for fat and lean soft tissue at 40 and 70 keV are 1.21 and 1.37,
respectively. Fat and lean, thus, have different elemental proportiori®\aaid
ues. A phantom, consisting of animal soft tissues, can be made with varying
amounts of fat and lean. When scanned, there will be a highly significant corre-
lation between measur&hnd the proportion of phantom soft tissue as fat (60).

NN

Mass Fraction

Bone Mineral

BN\

H

c
Increas,-ng RVar;ue O Residual
T

Figure 4 Mass fraction of main elements in lean soft tissues, fat, and bone mineral based on
Reference Man (72). Residual mass represents the sum of Na, Mg, P, S, Cl, K, Ca, and trace
elements. The respective calculafdalues at 40 and 70 keV for fat, lean, and bone mineral are
1.21, 1.37, and 2.86, respectively (60).
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Thus, the phantom, or some other similar calibration standard, can be used to
develop either aR value prediction equation or by extrapolation specific pure
fat and learR values. Alternatively, prediction equations based on meadired
values can be developed in vivo for body fat or closely related adipose tissue.
How to appropriately calibrate and cross-validate DXA systems is an important
guestion now receiving the attention of a number of investigators. Calibrated
DXA systems can thus provide estimates of fat and lean for soft tissue pixels.

Pixels that contain bone require a different analytical strategy. There existin
each of these pixels three components: fat, lean soft tissue, and bone mineral.
With two energies, DXA in theory can only resolve a two-component mixture,
as was shown for soft tissue. THevalue for pure bone mineral is easily
ascertained from human bone or other similar phantoms. However, soft-tissue
composition is variable in fat, and therefore Realue for soft tissue overlying
bone cannot be assumed constant. In the first analytical step following the
DXA scan, pixels with and without bone are easily identified by using several
mathematical procedures, including the recognition that bone minerals have a
high R value and that measured pixels with higtvalues most likely contain
bone. Th&kvalue for softtissue overlying bone is estimated using mathematical
modeling procedures and is based on the measured soft-Rszueither side
of the bone (60). With the soft-tissue and bone minBradlues now known, the
amount of fat, lean soft tissue, and bone mineral in the pixel can be ascertained.
This DXA analytical strategy thus allows estimation of three components based
on measured attenuation of two main energy peaks.

Although there are many variable characteristics of DXA systems, all sharein
common the assumed elemental proportions of fat, lean, and bone mineral com-
ponents, each with known and constant attenuation characteristics (Figure 4).
Thus, DXA is a property-based type || method.

Many studies have now examined DXA accuracy and reproducibility in both
animals and humans. With respect to accuracy, DXA fat and bone mineral
estimates in species ranging widely in body size are highly correlated with
corresponding criterion estimates, such as chemical analysis of cadavers and
IVNA. In some cases there exists bias between DXA and criterion estimates, al-
though this problem is often considered a correctable calibration problem. Body
composition estimates by DXA usually are highly reproducible, with repeated
measurements over one day in the same subject demonstrating CVs of about 1%
for total body bone mineral, 2% for fat-free soft tissue, and 0.8% for fat (56).

MULTICOMPARTMENT MODELS  Until recently, whole-body chemical analysis

of human cadavers was required for establishing the accuracy of in vivo meth-
ods and for exploration of relationships between components. Cadaver analy-
sis remains important, but investigators are increasingly able to simultaneously



Annu. Rev. Nutr. 1997.17:527-558. Downloaded from www.annualreviews.org

by Morehead State University on 01/04/12. For personal use only.

546 HEYMSFIELD ET AL

measure several chemical compartments in an individual subject by using mul-
ticompartment models.

There are many published multicompartment models, and more are possi-
ble. All multicompartment models share in common their development from
simultaneous equations, which may include two or more unknown compo-
nents. As a general rule, for each unknown component estimated there must
be one independent equation that includes the unknown component, the known
component, and/or the measurable property. Measurable molecular level com-
ponents include total body water by isotope dilution (22), total body protein by
neutron activation of total body nitrogen (13), glycogen (regional) by nuclear
magnetic resonance spectroscopy (44), and bone and soft-tissue minerals by
activation of total body calcium (5, 18, 65), whole-bdfi counting (22), and
DXA (54). Measurable properties used in developing molecular level multi-
component models include body weight and body volume.

A representative model for estimating total body fat from measured carbon
and other elements begins with the following basic formula:

Total body C= 0.77 x fat+ 0.53 x protein+ 0.444 x glycogen
+ Cin bone mineral

This model links atomic level carbon to molecular level components. The
coefficients are assumed proportions of molecular level components as carbon.
The next two models assume that protein is 16% nitrogen and that the ratio of
glycogen to protein is constant, respectively:

Protein= 6.25 x total body nitrogen
and
glycogen= 0.044 x protein

This fourth model assumes that the ratio of bone mineral carbon to bone mineral
calcium is constant:

Bone mineral in carbos= 0.05 x bone mineral calcium
These four formulas can then be solved for fat mass as (45)
fat=1.30 x TBC — 4.45 x TBN — 0.065x TBCa

There are two important families of multicompartment models. The first of
these, in vivo neutron activation analysis multicompartment models, evolved
from the relatively simple four-compartment model: B#Wwater+ protein+
mineral+ fat (32). Water in this model is usually estimated from tritium or deu-
terium dilution volumes. Protein and mineral are estimated from models based
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Table 4 Models for estimating total body fat mass based on measured body weight and ¥olume

Measurable Known

Model properties ~ components(s) Reference
2-Compartment
Fat = 4.95 x BV — 4.50 x BW BV, BW none 7
3-Compartment
Fat = 2.057 x BV — 0.786 x TBW — 1.286 x BW BV, BW TBW 70
4-Compartment
Fat = 6.386 x BV + 3.961 x mineral— 6.09 x BW BV, BW mineral 48
Fat= 2.75 x BV — 0.714 x TBW + 1.148 x mineral BV, BW TBW, mineral 4
—2.05 x BW
Fat= 2.75 x BV — 0.714 x TBW + 1.129 x Mo BV, BW TBW, Mo 68
—2.037 x BW
Fat= 2.513 x BV — 0.739 x TBW + 0.947 x Mo BV, BW TBW, Mo 39
—1.79 x BW

@Abbreviations: BV, body volume (liters); BW, body weight (in kilograms); TBW, total body water (in
kilograms) Mo, bone mineral.

on total body N and Ca, respectively. Fat is usually an unknown component
and is considered the difference between body weight and the three estimated
components. Overthe years this simple model was refined by investigators toin-
clude separate estimates for bone and soft-tissue minerals and glycogen (32, 38).
One of the more recent advances is the addition of total body fat estimates from
total body carbon using a similar model to the one presented above (38).

A good example of neutron activation analysis model implementation is
the BNL six molecular level-compartment model. Over the course of about
4 h, subjects complete whole-body counting, tritium dilution, and prompt-
delayedy, and inelastic scattering neutron activation analysis studies. Eleven
elements are measured or calculated, as noted earlier, and from these elements
six molecular level compartments are derived (fat, protein, glycogen, water,
soft-tissue mineraals, and bone minerals).

The second family of molecular level multicompartment models, those based
on body volume estimation, derives from the observation that physical densi-
ties of molecular level components are known and relatively constant at body
temperature. Examples of these models that are used to estimate total body fat
are presented in Table 4.

Behnke and his colleagues in 1942 first introduced the modern underwater
weighing method as a means of estimating body density (7). Behnke and others
who followed developed two-compartment models for estimating fat and fat-
free body mass from measured body volume and body weight. The model was
expanded to three compartments by Siri in 1961, who added total body water
estimates to measured body volume and weight to derive fat and residual mass
(i.e. protein, glycogen, and minerals) (70). The introduction of dual photon
methods for estimating bone minerals in the past decade allowed development
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of four-compartment models (i.e. fat, water, minerals, and combined protein
plus glycogen), some of which are summarized in Table 4.

A typical four-compartment study requires several hours for completion,
usually beginning with isotope dilution for total body water and measurement
of body weight. Underwater weighing and DXA studies then follow for body
volume and bone mineral estimation, respectively. Four measured variables—
total body water, body weight, body volume, and bone mineral mass—are then
used to calculate total body fat. The mass of glycogen is often considered
negligible in four-component calculations, as the amount present, particularly
after an overnight fast, is relatively small. The underwater weighing technique
required for developing multicompartment body volume models are found in
many centers throughout the world.

Multicompartment models are used in body composition research when in-
vestigators are interested in examining the effects of physiological or other
processes on several compartments. Another application is when accurate
component estimates are desired, particularly in unstable or non—steady state
conditions. Fat estimates by the conventional two-compartment model would
not be accurate following an intervention that produces disproportionate fluid
accumulation. This is because the two-compartment model assumes stable fat-
free body mass hydration. In contrast, some models used in multicompartment
methods tend to be more stable and are usually insensitive to altered fluid bal-
ance and other similar effects. For example, the method of estimating total
body fat from carbon, nitrogen, and calcium is unaltered in accuracy regardless
of the subject’s hydration. Multicompartment models are also used at other
body composition levels.

CELLULAR LEVEL

There are over T8 cells in the human body that are bathed in extracellular fluid
and supported by a framework of extracellular solids. The cell level’s impor-
tance is centered primarily on the protoplasmic or intracellular compartment,
which is the site of most metabolic processes.

Components and Their Relationships

The traditional cellular level model consists of three components: cell mass, ex-
tracellular fluid, and extracellular solids (Figure 1). The extracellular solids are
not of much clinical interest, as they consist mainly of bone minerals and col-
lagen, reticular, and elastic fibers (77). Extracellular fluid is slightly larger that
extracellular water, also a molecular level component, as it includes dissolved
electrolytes and proteins. The cell mass component is of interest primarily for
the metabolically active protoplasm that includes cytoplasmic organelles and
mitochondria found within the intracellular space. Adipocytes, and to a small
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extent other cells, store triacylglycerols within the intracellular compartment.
Moore and his colleagues in the 1960s introduced the body cell mass concept
as a means of quantifying the metabolically active fat-free portion of the intra-
cellular space (57). Today the most widely used cellular level model isBW

fat + extracellular fluidt extracellular solids+ body cell mass.

There a many relatively stable cellular-level relationships that are used in
body composition research, and some of the more important of these are as
follows: K/intracellular water= 159 mmol of K /kg of HO = 6.22 g of K/kg
of H,0; K/body cell mass= 4.69 g/kg; Ca/extracellular solids 0.177 kg/kg;
and extracellular water/extracellular fluid 0.92.

Measurement Methods

Body cell mass is the most important measurable component at the cellular
level. Conceptually, body cell mass consists of two portions: an intracellular
fluid component, and an intracellular solid component. There are no methods
available for estimating intracellular solids. The usual approach in estimating
body cell mass is to assume a stable relationship between measurable intracel-
lular fluid and unmeasurable intracellular solids. Alternatively, investigators
report only their measurements of intracellular fluid as an index of the body
cell mass component.

Two strategies are employed for intracellular fluid measurement. The firstisto
assume that potassium is distributed mainly into the intracellular compartment
and maintains a relatively constant concentration of 150 mmol/liter. There are
three main methods of quantifying body potassium: whole-d8dygounting;
dilution of 4K or 4K; and as the exchangeable component estimated from
total body water, exchangeable sodium, and serum water/electrolytes (69). The
second approach is to calculate intracellular water by using multicomponent
models based on total body water and extracellular water estimates. A number of
dilution methods are available for estimating total body and extracellular water
components (22). Calculation of body cell mass from intracellular fluid or water
assumes a constant proportion of body cell mass as intracellular solids. The
classic body cell mass formula of Moore et al (57), which is based on total
body or exchangeable K, assumes that all of measured K is intracellular, that
the K/intracellular water is 150 mmol/liter, and that intracellular water/body
cell mass is about 0.80. Accordingly, body cell massotal body K (mmol)

x 0.0083.

TISSUE-SYSTEM LEVEL

Components and Their Relationships

The main tissue-system level components are adipose tissue, skeletal mus-
cle, bone, visceral organs, and brain. Adipose tissue is further divided into
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subcutaneous, visceral, yellow marrow, and interstitial subcomponents (72,
77).

Some reasonably stable relations at the tissue-system level include: skeletal
muscle/adipose tissue free body mas9.54 (for men) or 0.49 (for women);
K/skeletal muscle= 3 g/kg; fat/adipose tissue- 0.8; and bone mineral/bone
= 0.54 (72).

Measurement Methods

THREE-DIMENSIONAL IMAGING Until recently, estimation of tissue-system
level components was accomplished with relatively inaccurate methods such as
anthropometry. Today, both computerized axial tomography (CT) and MRI can
guantify all major tissue-system level components (Figure 1). Two-dimensional
standard radiography was first used to capture adipose tissue and skeletal mus-
cle shadows by Stuart and colleagues in the early 1940s (74). By the beginning
ofthe 1950s, radiogrammetry, as it was called, allowed investigators to estimate
subcutaneous adipose tissue layer thickness and muscle widths (25). Hounsfield
introduced three-dimensional CT for brain imaging in 1971 and first reported
his seminal observations in 1973 (41). The method proliferated rapidly, and
by the late 1970s, CT systems were installed in most major medical centers.
Heymsfield and colleagues between 1979 and 1981 reported the use of CT to
measure skeletal muscle mass, visceral organ volumes, and visceral adipose
tissue (31, 33—-35). Borkan and his group reported their classic visceral adipose
tissue studies with CT in 1982 (10), and in 1986, Kvist et al published for the
first time assessment of whole-body adipose tissue volumes with multislice CT
(47). The method reported by Kvist et al in Sweden involved preparation of
22 or more cross-sectional CT images at well-defined anatomic locations fol-
lowed by calculating total volumes of various body composition components
by integration of appropriate slice areas and distance between slices.

MRI and its precursor, nuclear magnetic resonance spectroscopy, originated
with the fundamental studies of Bloch et al (9) and Purcell et al (61), reported in
1946. By the early 1970s, Damadian was preparing images of phantoms using
proton nuclear magnetic resonance signals (15). Early clinical applications of
MRI using small bore magnets were first reported in 1978, and within a few
years, several researchers described a variety of MRI procedures using whole-
body large bore magnets (53). The utility of MRI to discriminate between
anatomical structures in both the abdomen and the musculoskeletal regions
was first reported in the early 1980s. By the mid-1980s, MRI systems became
available in hospitals throughout North America.

Foster at al (23a) were the first to use MRI in body composition research
when, in 1984, they demonstrated in cadavers that MRI could distinguish be-
tween adipose tissue and skeletal muscle. Hayes and colleagues in 1988 first
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characterized with MRI subcutaneous adipose tissue distribution in human sub-
jects (30). In 1991, Fowler et al obtained 28 MRIs over the whole body (24),
and in 1992, Ross et al reported a 41-image model for measuring adipose and
lean tissue distribution (64). Both CT and MRI are now widely used for regional
and whole-body analysis of tissue-system level components.

CT and MRI are composed of picture elements, pixels, which are usually
squares 1 mmx 1 mm and which have a third dimension related to slice thick-
ness. Volume elements are referred to as voxels. Voxels have a gray scale that
reflects tissue composition and provides image contrast. Component estimates
by both CT and MRI are expressed as volumes unless they are subsequently
converted to mass units by assuming constant tissue densities (e.g. 0.92 kg/liter
for adipose tissue and 1.04 kg/liter for skeletal muscle).

CT systems consist of a rotating X-ray tube and detector, which move in a per-
pendicular plane to the subject. The CT X rays are attenuated as they penetrate
tissues and Fourier analysis or filtered back-projection are used in reconstructing
theimage. The CT number, assigned to each pixel, is a measure of photon atten-
uation relative to air and water (71). Ai-fLO00 Hounsfield units (HU)], adi-
pose tissue{90 to—30 HU), non-adipose lean tissues49 to+151 HU), and
skeleton {152 to+2500 HU) pixels all have characteristic CT number ranges
that allow their separation into specific tissue areas within a cross-sectional
image. Tissue areas can be used in monitoring the same subject over time or in
comparing subjects to each other. Combining information from multiple slices
allows reconstruction of a whole organ or whole-body tissue volume.

The fundamental MRI concept is based on interaction between nuclei of
abundant hydrogen atoms and magnetic fields produced and controlled by the
system’s instrumentation. Protons, the hydrogen nucleus, have a magnetic mo-
ment that causes them to function as small magnets. Under usual conditions in
the earth’s weak magnetic field, these magnetic moments are randomly oriented,
and they tend to cancel each other. When a subjectis placed inside the scanner’s
high-field strength magnet proton, magnetic moments tend to align themselves
longitudinally to the external magnet’s field. A pulsed radio-frequency (RF)
field is then applied to body tissues, causing some of the aligned hydrogen pro-
tons to absorb energy. Switching off the RF field allows protons to gradually
assume their original positions and to release in the process absorbed energy.
This signal generated by energy release is used to create MRIs.

The time [T) it takes for the protons to return to their original positions is
a function of two parameters, longitudinal relaxation tirfig¢)(and transverse
relaxation time T2). The longitudinal relaxation time is a constant that is
dependent on the interaction between relaxing proton spin and the surrounding
medium. TheT1 for protons in fat is much shorter(/4) when compared
with T1 values for protons in water, and therefore it is possible to generate
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images with good adipose and non-adipose tissue contrast. Optimum image
contrast requires selection of an RF pulse sequence that properly expldits the
differences between the two tissues. This is accomplished by varying what are
known as the RF pulse time-to-repe@R] and time-to-echolE) parameters.

One such sequence, spin-echo, variesTiReparameter to take advantage of

T1 differences and, thus, provides the tissue contrast required to generate high-
quality images. Th&1-weighted spin-echo RF pulse sequence is commonly
used in body composition research.

TheT2 parameteris atime constant related to the interaction between relaxing
proton spins. Th@2-weighted images are used to characterize the acute effects
of exercise on skeletal muscle (36).

To obtain MRI data, the subject is positioned in the magnet'’s bore in either a
prone or a supine position. Typically, a 320-mm region of the body is imaged
in a single acquisition. The time required to obtain multiple (i.e. seven) images
is the same as that required to obtain a single image. Therefore, in most MRI
studies, multiple images of a given region are obtained in a single acquisition.
The procedures typically are used to acquire MRI data over the whole body,
and an example of images obtained in the abdomen and appendicular regions
are presented in Figure 5. Note that the MRI pulse-sequence used to image the

Proximal Thigh Wid-Farearm

Figure 5 Three magnetic resonance images in a healthy adult, one from the abdomen and two
from the appendicular region. The images were acquired usifiwaeighted, spin-echo pulse
sequence. With this protocol, adipose tissue appears white and non-adipose tissue is dark on all
images.
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abdominal region requires 26 s. During this time the subject is asked to hold his
or her breath, a procedure that substantially reduces respiratory motion artifacts.

In the published literature, MRI data appear either as areas (square centime-
ters), obtained from a single image, or as volumes (cubic centimeters), derived
by using tissue area measurements from multiple images. The first step intissue
area measurement is to count the number of pixels that make up the tissue of
interest (36). The tissue area is subsequently determined by multiplying the
number of pixels by their known area. The volume of a tissue for the whole
body or a given region is derived in two steps. First, the volume for each image
is obtained by multiplying the area of the tissue by image thickness. Whole-
body or regional volume is then calculated by using a mathematical formula
that sums truncated cone volumes defined by pairs of consecutive images.

The CV for repeated measures of subcutaneous adipose tissue ranges from
1% to 10% (36). The CV for visceral adipose tissue estimates is higher, 6% to
11%, as aresult of measurement errors associated with respiratory motion. For
skeletal muscle, the CV for repeated measurements in the appendicular region
ranges from 0.3% to 2.3%.

Validation There are extensive validation studies for CT and MRI, which
include phantoms and human and animal cadavers. In this section, we provide
several representative examples of CT and MRI validation experiments.

Imaging methods can be evaluated in phantoms and excised organs and tis-
sues. Water-filled balloons, excised human kidneys, livers, and spleens, and
organs from two human cadavers were examined by multislice CT (31, 33—
35). The mean absolute difference between actual weight and CT-derived
weight was 2.6%, 4.6%, and 5.6% for balloons, excised organs, and in situ
organs, respectively. In another cadaver experiment, Rossner and colleagues
(65) compared adipose tissue estimates by CT with corresponding planimetry
measurements of corresponding band-sawed slices from two male cadavers.
There were strong correlations between the two types of area estimates (
0.77-0.94). Human cadavers were also used by Abate et al (1) to examine the
validity of MRI abdominal subcutaneous and visceral adipose tissue estimates.
The overall agreement between dissection weight and MRI-estimated adipose
tissue weights was 6%.

There are many animal CT and MRI validation studies. For example, Ross
et al examined whole-carcass chemically extracted lipid in rodents and found
a good correlation with MRI-adipose tissue mass=( 0.97,P < 0.01) (63).

There are also CT and MRI validation studies in larger animals, such as pigs,
and here, too, the overall agreement between chemical analysis and imaging
method is good.

Taken collectively, these studies support the validity of regional and total-
body CT and MRI tissue-system level estimates.
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Interpretation The recent study of Bhasin and colleagues demonstrates some
important aspects of CT and MRI data interpretation (8). The investigators
induced skeletal muscle growth with supraphysiologic doses of testosterone
in normal men. Hormone-treated men showed a significant increase in an
MRI-measured quadriceps cross-sectional aRea (0.001), whereas muscle
area changes were nonsignificant in placebo-treated men. While the inference
of these observations is that the observed increase in quadriceps muscle area
reflects anabolic effects of androgens in stimulating deposition of new myofib-
rilar proteins, there are other possibilities as well. For example, the increase in
guadriceps muscle area might represent expansion of the muscle glycogen pool
and water volume. A full interpretation of MRI-detected increase in skeletal
muscle area would require additional studies of body composition and, poten-
tially, chemical analysis of skeletal muscle biopsies.

METHOD SELECTION

Reference Method

An important quest in body composition research is to find the best reference
method, or the gold standard. Although weighing of organs or chemical analysis
of human cadavers provides the most accurate measure of most components,
only a few complete cadaver analyses have been carried out, and there are many
technical problems with this approach.

The next consideration in selecting a reference method is that it must be
appropriate for the body composition level and component under study. For
example, fat is a molecular level component and adipose tissue is a tissue-
system level component. Adipose tissue measured by MRI would therefore not
be expected to serve as a reference comparison against which fat estimates by
a method such as underwater weighing are compared.

Type | body composition methods are developed against established refer-
ence methods. For example, anthropometry, BIA, infrared interactance, and
ultrasound include error from the reference method. Type | methods, therefore,
are not acceptable reference standards.

Type Il body composition methods, such as some neutron activation analy-
sis methods, DXA, underwater weighing, and MRI are often cited as in vivo
reference standards. Judging the suitability of a reference method requires an
analysis of errors arising from two main sources, model and technical. Some
models are extremely stable whereas others are not (77). For example, models
based on chemical relationships (e.g. N/proteirD.16) are very stable under
almost all circumstances. Models developed with honchemical relationships
(e.g. total body water/fat-free body mass 0.732) are less stable and are
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often influenced by disease, pregnancy, and other conditions that deviate from
“normal.” There are many sources of technical error, and a few examples are
instrument calibration, instrument stability, subject participation, and observer
variation. Weighing the contribution of these many factors to total method error
is a very difficult but important task.

The final consideration is that reference body composition methods must be
available to investigators if they are to be useful. There are thus many factors
to consider when choosing a reference body composition method.

Study Method

The method selected for a specific project depends mainly on the study hypoth-
esis or clinical application. Is the method suitable for individual or group eval-
uations? Will the method give accurate component results in the group under
investigation? That is, are prediction equations for type | methods appropriate
forthe study population? Are models used intype Il methods appropriate for use
in the study population? Are regional or whole-body measurements needed?
Is the method sufficiently reliable to detect hypothesized changes over time?
Important additional considerations in method selection include instrument or
reagent cost, safety, and portability (e.g. laboratory or field study). Informa-
tion beyond that presented in this review can be found in body composition
textbooks (22, 62).

CONCLUSION

Remarkable progress s evidentin the field of body composition research. While
not long ago only a few components could be measured in vivo, today most
major components at the first four levels of body composition can be accurately
measured in an individual subject. The timing of these advances is opportune,
as major nutritional questions require body composition estimates for their full
examination.
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