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CHAPTER 2

Isotopic Determination of Body Composition
in Man

By NATHANIEL I. BERLIN. M.D. sxp WILLIAM E. SIRI

THE USE OF RADIOACTIVE ISOTOPES in physiologic and clinical studies
has made possible a number of measurements of various aspects of
hody composition. Studies of body composition have had four principal
orientations. The first has been the study of a population to determine
the changes in hody composition during the life span and to assess
nutritional status. The second goal has been to relate body composition
to other physiologic measurements, particularly metabolic rate.’* The
third goal has been to study patients with various diseases to determine
the effect of disease upon body composition.”® A fourth goal has been
to determine the relationship between concentration of a particular
substance in the blood and the total quantity in the body. This has been
particularly investigated for electrolytes”™ and for red cells and
plasma.”®** It has been amply demonstrated that for total red cell .and
plasma volume, and particularly for serum electrolytes. the measurement
of the concentration in the peripheral blood need not be directly cor-
related to the total body content and often is misleading. This failure
to have adequate information can have important clinical consequences.

In terms of gross body composition. the body can be divided into
four chemical compartments: fat.* water. minerals. and proteins. The
total quantity of macromolecular carbohydrates and nucleic acids is
small and in this review will not be considered. Other systems of classi-
fication are discussed below. His‘torica]ly. measurement of the fat content
has been of greatest interest probably because. in the normal. it is the
greatest variable and because of the pioncering work of Behnke and
his collaborators in the measurement of body density and in formulating
the concept of a lean body mass and a fat compartment.*****%% This

*This ~hould be distingui-hed from adipose tizsue, and n this review will alwavs be
taken as fat in the chemical senze,
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36 ’ PROGRESS IN ATOMIC MEDICINE ~

the determi;ation of body water and electrolytes. The development of a
gas dilution device’® has made possible the convenient measurement of
body volume. Analytical reviews of the concepts and principles of body
composition measurements™*** have been published. This review will
be concerned with the measurement of body compesition in mant by
isotopic means but must. of necessity, include at least reference to body
volume and body density. Two comprehensive reviews of body compo-
sition were published in 1963. The book by Moore et al.** contains a
detailed description of the methods developed by his group, their data
in normal subjects. together with a compilation of the data from the
literature and an extensive report of the application to a variety of
clinical problems. The New York Academy of Sciences, Volume 110,
(September 26. 1963} contains an extensive review of many body com-
position studies.

Principles of Isotope Dilution: All measurements of body composition
by isotopic means depend upon the use of suitable tracer substances and
the measurement of their distribution in a specific biochemical or ana-
tomical compartment. The principles of isotope dilution have been used
in a number of studies and are widely known. The principle equation is
as follows:

CiV: = (C:V:  where C; = Cone. of isotope in Vol. Vi

C. = Conc. of isotope in Vol. V.,
or alternatively, where C represents the specific activity (in terms of
isotope/unit mass) and V represents mass. However. the requirements
for a satisfactory determination of quantity by the isotope dilution
method are much less frequently discussed. These are as follows: (1) for
the measurement of any particular body component. there must be a
suitable isotopic tracer, either radioactive or an enriched stable atom,
as in the case of deuterated water; (2) it must be possible to place this
atom quantitatively in the compartment under study: (3) it must be
uniformly distributed within the compartment: (1) the rate of loss of
the label from the compartment under study should be measurable and
preferably slow when compared to the rate of mixing; and (3) facilities
for obtaining an adequate sample must be available. These requirements
are fully met for only a limited number of the body constituents.

Various methods of analysis of isotopic dilution data are possible.

“Reference to studies in exprrimental animals will be ineluded where data for man
are not available or where implications for studies in man are apparent.
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Generally. after mixing is completed. the system may be sampled re-
peatedly and the specific activity extrapolated to the time of adminis-
tration. If the isotope is excreted by a single route. or by known routes.
and can be collected quantitatively, then the amount excreted can be
subtracted from that administered and the volume of dilution calculated
from:

fl

Q—a Q
V= q = amount of isotope excreted to time t,
dpm ‘cc when dpm cc of compartment under study

amount of isotope administered tin dpm)

is measured.

As knowledge regarding the distribution and transport of specific
chemical compounds has increased. it has become necessary to develop
more complex metabolic models. This subject has been reviewed in The
New York Academy of Sciences, Volume 108 (May 10. 19631. These
models generally treat the compound being studied as being transported
within a series of compartments. These models have had extensive appli-
cation in iron and albumin metabolism. Models of caleium
metaholism have also been developed.”*! The application of these models
has led to more complex methods for determination of rate of transfer

11 44.52.68.81

between various anatomical and biochemical compartments and have
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PROGRESS IN ATOMIC MEDICINE

Fluid Compartments

The measurement of the body fluid compartments has been reviewed
by Edelman and Leibman™ and by Levitt and Gaudino.” This section
will review the measurement of total body water. extracellular fluid, and
blood volume.

Weasurement of Total Body Water: The requirements for measurement
by an isotope dilution technique can be met for total body water. Total
hody water may be measured by the dilution of deuterated water.’*#**%°
tritiated water, labelled urea.™ ™ antipyrine, and N-acetyl-4 amino
An iodinated antipyrine derivative has also been prepared

HHLGa

.87

antipyrine.
with 1'7."" Unfortunately. both antipyrine and iodoantipyrine undergo
relatively rapid catabolism or excretion of the test substances, which
precludes their use in patients with loculated fluid collections, such
as in ascites and hvdrothorax or in edematous states in which the
diffusion of these molecules is slow. In contrast. tritiated and deuterated
water are distributed throughout all fluid spaces as rapidly as natural
water and share the same relatively long excretion half-time of approx-
imately 10 days. The tritium method requires a measurement of the
isotope concentration of tritium which emits a very weak B particle.
The liquid scintillation spectrometer. however., has made the measure-
ment of tritium reliable and technically easy.” For the measurement of
deuterium. a mass spectrometer or a falling drop apparatus is re-
quired.”*" The cost of instrumentation and the exacting requirements
of technique of both the mass spectrometer and the liquid falling drop
measurement are such as to make the use of tritium an attractive alterna-
tive. However. it should be recognized that tritium is radioactive and
where it is desired to avoid the use of radioisotopes. deuterium does
afford a satisfactory method for measurement of total bedy water. A
small amount of labelled water may be given either intravenously. intra-
muscularly. or orally and adequate time. usually several hours. allowed
for mixing. Fither urine or plasma may be analyzed for isotope content.
If plasma is used for radio assav. it is suggested that samples be taken
at about 3. 6. and 9 hours and the specific activity extrapolated to the
time of administration. In the case of urine. a similar procedure can be
ased but care must be taken to insure cmptying of the bladder 1 hour
hefore the first sample is taken.

The values obtained for tetal body water by deuterium and tritium
agree well with that obtained by antipyrine>*>* but appear to be slightly
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larger due to exchange of the hydrogen isotope with other hydrogen
containing compounds.”™>* While a large number of values of total body

o0

water have been reported™ as a function of age and sex. the wide range
of total body water in the normal generally precludes an unequivocal
interpretation of any single measurement. When expressed as percentage
of body weight. total body water diminishes with increasing fat content,
Consequently, in an individual with normally hvdrated lean tissue. the
body water can range from 35-65 per cent. The studies of Pace and
Rathbun”" indicated that in the guinea pig the fat-free carcass (lean
tissues) had a mean water content of 2.4 = 2.1 per cent. This was
eatended to man and a number of workers utilized this factor to obtain
the total lean tissue mass from a measured total body water. However.
in man the range of hydration of the lean tissue is greater and the error
in calcolating the lean tlissue mass is thus larger than in the guinea
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-
phosphorus (P**} or radiochromium (Cr*).*° In the normal person, the
white blood cells and platelets constitute less than 1 per cent of the
blood volume and are generally not considered. The measurement of
total red cell volume with labelled cells is independent of the hematocrit
of the blood sample. There are no theoretic objections to the measure-
ment of total red cell volume with labelled red cells. Fifteen minutes is
usually allowed for mixing at which time it is difficult to demonstrate
further mixing by studying peripheral blood. A considerably longer
period, 30 to 40 minutes. is actually required for mixing in the normal
person.”” In some patients. particularly those with splenomegaly,®”® a
large component of mixing continues for 43 minutes.

The measurement of plasma volume is more difficult. Opinions differ
as to what actually constitutes the plasma volume and how it should be
measured. Historically, the oldest method is based upon the dilution of
the volume of a dve. the most satisfactory of which is the Evans blue
dye {T-1821), This dye is bound to albumin™ and in essence the volume
of distribution of the albumin dye complex is measured. Analysis of the
early disappearance of the dye from plasma shows a rapid phase lasting
about 10 to 15 minutes followed by several slower rates of disappearance.
Generally. the most rapid of the slower phases has been extrapolated
to the time of administration and the plasma volume calculated. Com-
parable values for plasma volume are obtained with ['" labelled albumin.
However. when lahelled fibrinogen is used in the dog,” or gamma globulin
in man.’ the measured plasma volume is significantly smaller. It appears
likely. at least in part. that some of this early phase attributed to mixing
within the plasma volume is actually due to disappearance of the dye-
protein complex from the plasma. For this reason. the plasma volume
as measured by T-182¢4 or ' albumin. is probably overestimated.

Mineral Components

Exchangeable Potassium: There are two short-lived isotopes of potas-
sium, K** (t., = 12 hours) and K*' (t,, = 22 hours). Radiopotassium*®
does not appear to be widely used. In man. the bulk of potassium is
intracellular. Radioactive potassium equilibrates within approximately
21 to 10 hours with virtually all of the total body potassium.**** The
requirements for a satisfactory measurement of total body potassium
are met. llowever. the short half-life of K** makes it necessary to have

at hand either a production facility or to receive frequent shipments.
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Rubidium™ has been suggested as a substitute but does not appear to be
satisfactory.””*" Total body potassium (K*) can also be measured in
total body counting facilities. In general, the measurement of total
exchangeable potassium with K** and total potassium with K* are in
good agreement.”** Calibration of total body counters and geometric
factors relating to the distribution of the K* in the body and the
position of the crystal or crystals are the principal factors determining
the precision of the measurement of total body K*°.%°

Exchangeable total potassium can be used to calculate lean body
mass (LBM) from

LBM = mE: R where k has a value of 60-70 mEq, Kg.~

The division by Moore et al.*® of the tissues into K rich and K poor
groups, and also physiologically into actively mectabolizing. supporting,
and transporting categories. provides an additional usefulness for total
body potassium measurements. They have been used as a reference for
other physiologic measurements, such as basal caloric expenditure and
total red cell volume.”

Exchangeable (hloride: Fxchangeable chloride has been measured
with CP® (t = 3 X 10° years).”® These values are generally taken
as representing the volume of extracellular water. Because of the long
physical half-life of CI** and the short physical half-life of the other
isotopes of chlorine. radioactive bromine (Br®?) has been substituted
and appears to be equivalent.”*

Exchangeable Sodium: Two izotopes of sodium are available (Na*,
ti, = 2.6 years and Na**. t,, = 15 hours). Sodium is generally admin-
istered intravenously (as the chloride) and 18 to 21 hours allowed for
mixing. However. at the end of this time. mixing is not complete
within the total body sodium and the quantity measured is called
exchangeable sodium.””"** There is a slowly exchanging component but
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at least four exponential components to the plasma Ca'" disappearance
curve. The extrapolation of the slowest component to t. has been used
to calculate both exchangeable calcium pool and to estimate bone forma-
tion rate. A longer lived radioactive isotope of calcium, Ca* (t.,, = 160
days), is also available. hut not as useful as Ca’" because it can not be
used for external monitoring over bone and because it is difficult to
prepare for radio-assay.

Iron: In the normal person, approximately 75 per cent of the total
body iron is in circulating red cells. Smaller amounts are present in
erythropoietic cells in the marrow: in spleen, liver, and bone marrow as
storage iron, and even smaller quantities occur in other iron containing
compounds such as catalase and transport iron. A measurement of total
body hemoglobin with carbon monoxide serves to set a lower limit to
body iron content. If the storage iron could be measured, then a good
approximation of total body iron could be obtained. The complex

models of iron metabolism'*®® >

yield information regarding storage
iron but with considerable uncertainty. Gale et al.> have measured the
quantity of storage iron in the bone marrow with Fe™. '

Magnesium: Magnesium™, with a half-life of 21.3 hours, has been
used to measure exchangeable magnesium. The exchangeable magnesium

was less than one-fifth the total body magnesium.’

Plasma Proteins

A pumber of plasma proteins have been labelled with radioactive
iodine (I and 1'*)} and their total body content and turnover
have been measured.” While it is not difficult 1o label proteins with
radioactive iodine, considerable care is required to avoid denaturation.
The proteins studied include albumin.™ 6.6 S gamma globulins,* fibrino-
gen,” transferrin.” ceruloplasmin.” and macroglobulin.’® Todinated pro-
teins have been used to measure plasma volume. catabolic rate and
total body content of the labelled protein. The last measurement requires
supplementary information or more claborate analysis of the experi-
mental data.

There are four methods for analyzing the data from iodine labelled
protein studies. These are: (11 extrapolation of the slowest component
of the plasma disappearance curve to the time of administration:® (2)

measurement of the ratio of serum isotope content to whole body isotope
content:>" (31 the equilibrium time method of Campbell et al. in which
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the ratio of whole body content to plasma content is determined when
the isotope content of the extravascular fluid is at a maximum:™ 4
resolution of the plasma radioactivity curves into a series of exponential
curves. that are matched to mathematical models. from which the
ratio of intravascular to extravascular protein can be determined.'™***

In principle, the last of these methods is the most reliable but it also
is the most diflicult because it requires extensive computation and
eaperimental data that is sufficiently reliable to permit application of a
complex model of protein metabolism.

The total hemoglobin can be measured by the dilution of carbon
monoxide. **7*7*1 This includes both the hemoglobin in red cells and
hemoglobin in marrow. The data available indicate that this measurement
does not appear to include much myoglobin which can bind carbon
monoxide but. under the experimental conditions used. does not appear
to do z0.™*

Uric dcid: Total exchangeable uric acid has been measured with both
N'"and C" labelled uric acid. This measurement is probably satisfactory
in the normal subject.”> **** The labelled uric acid does not mix uniformly
with solid deposits in gouty subjects.”

Urea and Creatinine: Urea and creatinine are uniformly distributed
within the total body water and therefore the total body urea and
creatinine can be measured with labelled molecules. Labelled urea and
creatinine have been used to measure total body water.”""*

Glucose: The glucose pool has been determined in normal and diabetic
subjects with C'*-labelled glucose. The volume of distribution® ** appears
to be in the approximate range reported for extracellular fluid. The total
quantity is dependent principally upon the concentration. since in the
diabetic the volume of distribution is only moderately increased.

Calculation of Body Fat: While a nummber of the bedy constituents
can be measured, the problem of determining the total amount of chemi-

cal fat present still remains. This has been approached in two ways. One,

is by direct measurement of the uptake of a gas (eyclopropane or
Krypton within total body lipids.*" ™ The second is by calculation from
other body components.

The measurement of total body fat by the gas absorption technique
has been carried out in a limited number of individuals using either

» [ b -
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of cyclopropane in the gas phase of the system was followed to equilibri-
um. From this. the amount of gas taken up by the body is calculated.
If the relative solubility of the gas in lipid and tissues is known then an
estimate of total body fat can be made.

In man. the rate of change of the concentration of the gas was not
followed to equilibrium because the time required was in excess of 8
hours. This made it necessary to extrapolate mathematically to an equi-
librium value. ‘

The following formulae have been used to estimate body fat. These
formulae have been evaluated by Keys and Brozek,*® Siri,** and
Behnke.?® In each instance, f represents the fat content as a fraction of
the body weight.

ki — k.
D f = J where d = body density
TBW _ total body wat
2y f =1 — —— where TBW = otal body water
ks M (body weight)
k.
(3) f = o — ks TBW —ks
{
k: . trz .
D f = G EOW — ke where ECW =S¥ Tacellular water
d M
(5) f = ko FCW -~ k,, TBW + k..
K
6y f =1 — —
k.
(T f=1—m — kK K = total body potassium
\ M M = mineral mass

(8) f = 1 - klb TBW — kn. K

The second class of methods for calculating body fat are based on
one or more of the following.measurements: body density, body water,
extracellular fluid measurement. and total potassium. In principle, the
methods based upon body water depend upon an assumed constant
hydration of the nonfat portion of the body. The body density methods
depend upon an assumption of a two-compartment system: one of high
density. the hydrated lean tissues (d = 1.101. and one of low density
(d = 0.901. the {at compartment.” The use of combined measurements
of body water and body density. in essence. takes into account the contri-

PROGRESS IN ATOMIC MEDICINE
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butions due to water and again assumes a two-compartment.system: one
consisting of the dry. lean tissue constituents. and the second fat. again
with very different densities.”” In the normal. the best estimation of total
body fat is derived from a combined measurement of body density and
body water rather than either alone.* The body density method alone
or the body water method alone both assume constancy for the hvdration
of the lean tissue or a constant composition of the lean tissue. and thus
are not applicable in disease states affecting hydration.

The constants of the equations are listed in Table 1. Often in the
determination of these constants other empirical constants or experi-
mental methods are used that are not entirely free of significant criticism.
Thus, the numerical values in some instances can he considered only
approximations.

There are a number of assumptions underlying these equations that
affect in varving degrees their reliability. They are as follows:

Equation 1-—assumes that the lean tissue {lean body mass) has a
constant composition. Since water is the principal component, this is
tantamount to assuming a constant hydration of the lean tissue. In
gencral. variations in this mineral-protein ratio are probably less signi-
ficant in their effect on the value of the constants used.

Equation 2——requires the same assumptions as equation 1.

Equation 3—assumes a mineral-protein ratio of 0.35. Parenthetically.
it should be noted that if a standard deviation of this ratio of 0.10 is
applied. the calculated {at content is not appreciably affected.** Allen
et al.” have modified this equation by subtracting the volume and mass
associated with bone mineral. Good agreement in the calculated fat
content was obtained when the constants proposed by Allen et al. were
compared to those previously published. This was. in a sense. to be anti-
cipated because of the small effect a large variation in mineral-protein
ratio has on the calculated fat content.

Equation 4-—the principal assumption is normal hydration of cells.

Equation 5—this method has heen evaluated™ and does not appear
to be of value. In fact. in the normal the factors used cancel out one
measurement or the other.

Equation 6—assumes a constant potassium content of all lean tissues.

Equation 7—implies a constant potassium content of selected tizzues
tthe body cell mass of Moure et al).” and requires a measurement of the
mass of the other tissues for which an independent direct method of
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N
measurement is not available, but which Allen et al. calculates from

nieasurement of height and inter-condylar dimensions of elbows, knees,

wrists, and ankles.’
Equation 8—divides the lean tissues into muscle and muscle-free lean
{MFL) with different potassium and water contents.*

Body Compartment Systems

Systems of classification of the components of the body have prolifer-
ated rapidly and with confusing terminology (see Table 2). These
systems have had their origin in the measurement of body water alone,
body density alone, a combination of body water and body density, a
combination of chemical and anatomical terms and attempts to divide
the body into physiological or functional divisions.'®*® Each has had
separate goals. Perhaps the oldest classification is that of the division of
the body into two compartments, the fat free body mass, consisting of
minerals. proteins, water and a lipid component.'® Various modifications
of the fat free body mass have been made. Behnke added a small amount
of fat which was considered to be essential lipids,'® principally the lipids
of the central nervous system. and to this applied the term “lean body
mass.” There has been a tendency to use interchangeably the terms
“lean body mass” and “fat frce body mass.” As defined by Behnke, the
difference is small but real. Recently, Moore and colleagues® and
Anderson’ have developed a three compartment system. The “body cell
mass” of Moore et al.”® is a chemically homogeneous mass containing
approximately three milliequivalents of potassium per gram of nitrogen
and consists of tissues that require oxygen. produce CO:. and burn glu-
cose, To this is added a second compartment consisting of extracellular
fluid and supporting tissues. These are tissues that contain much less
potassium. The third compartment is fat.

Anderson® has proposed a somewhat similar division into muscle and
muscle free lean (MFL.) tissues and fat based upon measurement of
potassium and water content by Forbes and Lewis.’*

There is a continually recurring theme of a reference man**** which
consists essentially of an ideal person with the mineral. protein, and Tat ’
content that would exist in a healthy young male adult. To this frame-
work. adipose tissue is added. Unfortunately adipose tissue. while prin-
cipally lipid. contains mineral. protein. and water in variable

concentrations.””
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A reasonable goal of studies of body composition would be to sort
out these various systems of compartmentalization of body components
and evolve an acceptable scheme. Perhaps the best would be either a
separation into {at, water. mineral. and protein as chemical entities, or in
a physiologic sense. a system consisting of a body cell mass. supporting
structures. and fat. From the quantitative standpoint, there does not
appear to be much advantage to the use of a reference man to which
is appended “excess” adipose tissue or fat. For anthropometric or nutri-
tional studies where it is desired to have some measure of the adequacy
of caloric intake. a measurement of the excess adipose tissue could be
useful.

Changes in Gross Body Composition: Changes in gross body composi-
tion in a given individual can be estimated in two ways. either from
body water.
or total body potassium. The net change in body nitrogen. derived from
metabolic balance data. can be used to calculate the protein gained or
lost. From this and an assumed hydration of the lean tissue, the total

18,47

metabolic balance data’™*" 7’ or changes in body density,

lean tissue mass gained or lost can be estimated:™
A fat = AM + kaN
where k = 6.25 Gm protein, gm N
M = body weight
N = nitrogen {Gm)

If the change in total body water is also measured. a more satisfactory
measurement of change in gross body composition can be obtained
from:iT.Gl

A fat = AM 4+ 6.254N + ATBW
where TBW = total body water (Gm)

In a study of changes in body composition with weight reduction.

it was estimated that changes of the order of approximately 500 Cm of

body fat can be determined with hody density-body water determination.”

The Future

It should be recognized that only a few laboratories have attempted
to measure body composition in terms of more than one or two com-
ponents. Studies of body density. body water. and blood volume have
been reported «Huff and Feller.'” Siri**). Moore and his colleagues™
measure total red cell volume. plasma volume. total body water. extra-
cellular water. total exchangeable sodium, and potassium. This requires
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- a considerable effort and supporting staff and utilizes procedures that

are not currently utilized in day to day clinical medicine. For these
reasons, relatively few laboratories have engaged in studies of body
composition involving all these measurements. However, with improve-
ments in technique. clinical investigators may undertake these studies
with the goal that the basic tenets that emerge can be widely utilized
clinically.

At present. probably the most significant contribution to body compo-
sition studies would be a simple and reliable means of directly determin-
ing body fat. The gas dilution methods’**" do not appear to meet the
criterion of simplicity and they have not been sufficiently studied to
determine their reliability. In'general. the relatively low blood-perfusion
rate and the low efficiency of extraction of fat-soluble diluents from the
blood by adipose tissue preclude the development of a simple direct
determination of body fat content by the isotope dilution principle.
An entirely new approach is needed for the direct determination of
body {at. ’

A promising application of neutron-activation analysis in vive for
estimating total quantities of certain elements in the body has been
tested recently by Anderson and his associates at Harwell, England.**
The method calls for exposure of the subject to a uniform dose of about
0.1 rad of 14 MeV neutrons and subsequent determination of the
induced radioactivities with a whole-body counter. Total quantities of
sodium. chlorine. and calcium were readily estimated in preliminary
tests on two human subjects. Estimates of the quantities of nitrogen,
potassium, and possibly other elements may also become practicable
with further improvements in technique.
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