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Although gross observations such as size and weight are often used to 
gauge nutritional adequacy, detailed information on compositional 
changes would frequently permit more precise evaluation and allow for 
dietary alteration before irreversible symptomatic changes occur. Ob
servations on pathological symptoms often cannot be detected sufficiently 
early to prevent serious damage to health, whereas actual changes in 
body composition would provide the necessary information for making 
the correct diagnosis. Data on body composition would also be useful in 
evaluating treatment effects associated with nutritional or physiological 
experiments. Maynard and Loosli (1) have clearly pointed out the ad
vantages of body compositional data in the interpretation of nutritional 
studies. They specifically pointed out the importance of knowing the 
composition of body gains for evaluating different protein sources or in 
studying protein requirements for growth. 
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An increase in body weight or size is due to the deposition of fatty 
tissue, muscle, or bone. The data of Callow (2) clearly illustrate the 
interrelationships between the three tissue components, yet the actual 
changes are far more complicated, since alteration in moisture, lipids, 
carbohydrates (relatively minor), proteins, and minerals accompany any 
alteration in the basic structural tissues of the body. The interrelation
ships of the various constituents of the body and the difficulty in as
sessing their importance to the whole body only serve to emphasize the 
potential usefulness of body compositional data, both for research and 
as a diagnostic tool. As detailed knowledge of the proteins, lipids, and 
minerals in the body becomes available, the usefulness of such compo
sitional data is more and more apparent. 

I . CONCEPTS OF BODY COMPOSITION 

Our understanding of body composition to a large extent is dependent 
upon knowledge gained from animal experimentation where slaughter 
and analysis of the body can be carried out routinely. We owe a special 
debt of gratitude to Lawes and Gilbert (3) who performed the pioneer 
task of analyzing the entire bodies of farm animals over 100 years ago. 
Since that time many similar studies have been carried out by other 
workers and have provided useful information concerning the influence 
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FIG. 1. Changes in the proportion of different components as the carcass changes 
in fatness. After Callow (2). 

of age (4^6) and nutritional status (7-10) upon body composition. 
These studies have involved slaughtering animals at various stages of 
life or after different experimental treatments and analyzing their bodies. 
Such information makes possible an accurate assessment of changes in 
composition at various stages of growth, or as influenced by different 
treatments. Obviously, the usefulness of slaughter studies is limited, 
but this type of experimental work is necessary to understand the sig-



1. BODY COMPOSITION 3 

nificance of compositional changes and to establish the basic principles of 
body composition. Pearson (11), in a review article, carefully pointed 
out the advantages of slaughter experiments and their absolute necessity 
in establishing relationships between various body tissues, as well as 
their importance for validating any method of measuring body compo
sition. 

The interrelationships of various body tissues are shown graphically 
in Fig. 1, which is taken from Callow (2). The graph shows that the per
centage of fat increases in a linear manner and is accompanied by a 
decrease in the percentage of muscle, bone, and tendon. Although these 
data are for cattle, there is reason to believe that similar changes occur 
in other species. Inasmuch as fat and muscle are inversely proportional 
and closely related, a good estimate or measurement of either of these 
components gives a sound basis for estimating the other body components. 
Thus, the interrelationships among tissues or among the various chem
ical components in the body provide a sound basis for determining the 
various body components—provided that any single component can be 
determined by direct or indirect methods. With the exception of direct 
analysis for all body components, which cannot be accomplished on the 
intact, living animal, all other methods for determining composition 
depend upon the interrelationships among the various components (3-6). 

Constancy of Fat-Free Body 
After analyzing some of the early work on composition (3, 12, 13), 

Murray (14, 15) advanced the concept of the constancy of the fat-free 
body. Briefly stated, the theory suggested that the water content of the 
body is constant after removal of the effects of fat content. Moulton (4) 
later demonstrated with a number of species that, after reaching a cer
tain age, the concentration of water, protein, and mineral matter in the 
fat-free body approaches constancy. This assumption has been widely 
accepted, and it is the basis for all of the dilution techniques being used 
for measuring the composition of the living animal. Spray and Widdow-
son (16) demonstrated that there is considerable variation in the age at 
which the concentrations of the mineral elements in the fat-free body are 
stabilized. 

More recently, Pace and Rathbun (17) presented data for guinea pigs, 
which appeared to confirm the constancy of the water content on a 
fat-free basis. However, this work has been criticized by several workers 
(18, 19) who have shown that over-all fatness is significantly correlated 
with the fat-free water content, and led them to point out that the 
assumption of constancy of the water content on a fat-free basis could 
lead to inaccuracies in estimating total body fat from total body water, 
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even for the "chemically mature" animal. The question of the con
stancy of composition may limit the accuracy of the dilution techniques, 
but at the same time the method appears to be useful in estimating 
composition (20-22). 

Although the water content of the fat-free body may be reasonably 
constant in the "chemically mature" animal or man, one still must as
certain the age—either the chronological or physiological age—at which 
the constancy concept becomes valid (23). Furthermore, any useful 
method for measuring body composition must be adaptable to measure
ment of composition outside the range of "chemical maturity." Clawson 
and others (24) investigated the relationship between body fat and 
body water using the data which earlier workers had obtained from 127 
pigs. Using pigs between 26 and 300 days of age and weighing from 10 
to 350 lb, these authors calculated the curvilinear relationship of: 
Ϋ = 178.83 — 0.63 X — 66.62 log X, where Ϋ = estimated fat content in 
per cent, and X = the percentage of water in the empty body. Applica
tion of this equation to the data considerably improved the estimates 
over those obtained from the simple straight line relationship. Since these 
data show that the water content is relatively constant at any given age, 
the prediction of fat content from the curvilinear relationship would not 
be accurate for animals of the same age. 

Gnaedinger et al. (25) obtained a highly significant correlation of 
—0.58 between the water content of the fat-free body and total body 
fat, which indicates that the water content was influenced by the fat 
content of the body. Thus, results indicate that either the pigs used in 
this study were not chemically mature at 181-220 lb, or the use of a 
constant value for water content of the fat-free body was not valid for 
estimating other body components. Gnaedinger et al. (25) computed 
the following linear relationship from the data presented: Ϋ = 96.40 
— 1.30 X, where Y = per cent fat and X = per cent moisture. Results 
suggest that in order to obtain accurate estimates of composition, the 
equations must be derived to cover a more limited segment of the 
population in regard to age and weight. I t seems likely that a number of 
equations will be necessary in order to give an accurate estimate of 
various groups representing extremes of the population, especially the 
young and the very old, where composition is less constant. Therefore, 
corrections for the variation in the water content of the fat-free body in 
relation to age should greatly improve the estimates of composition. 

I I . BIOCHEMICAL COMPOSITION OF THE BODY 

As has already been mentioned, the major tissues in the body are 
muscle (skeletal, cardiac, and smooth) fatty tissues, bone, and tendon. 
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However, there are also a variety of other tissues (26), including the 
epithelium (skin), blood and lymph, and nervous tissue, which may 
constitute a considerable amount of the total body weight, e.g., in the 
case of blood about 6 to 9% or more (27). Table I summarizes the 

T A B L E I 
THE STANDARD M A N AFTER LISCO (27a) α 

Total wet weight Per cent 
Organ (gm) of body weight 

Muscles 30,000 42.86 
Skin and subcutaneous tissues 8,500 12.14 
Skeleton without bone marrow 7,000 10.00 
Bone marrow (Red) 1,500 2.14 
Bone marrow (Yellow) 1,500 2.14 
Blood 5,400 7.71 
Gastrointestinal tract 2,300 3.29 
Liver 1,700 2.43 
Brain 1,400 2.00 
Lung (2) 950 1.36 
Lymphoid tissue 700 1.00 
Heart 350 0.50 
Kidney (2) 300 0.43 
Spleen 150 0.21 
Urinary bladder 150 0.21 
Pancreas 65 0.09 
Salivary glands 50 0.07 
Testis (2) 40 0.06 
Thyroid 25 ± 5 0.04 
Eye (2) 30 0.04 
Spinal cord 30 0.04 
Teeth 23 0.03 
Prostate 16 0.02 
Adrenal (2) 14 0.02 
Thymus 10 0.01 

Total 62,203 88.84 
Miscellaneous (blood vessels, fat 

tissues, cartilage, nerves, etc.) 7,797 11.14 

Grand total 70,000 99.98 

α Age between 20 and 30 years; weight 70,000 gm. 

composition of the so-called "standard man" after Lisco (27a). The 
tissues are composed of specific chemical components, namely, water, 
lipids, proteins, minerals, vitamins, hormones, and other compounds 
found in lesser amounts. The distribution of all components within the 
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tissues is widespread, but the relative proportions vary considerably 
from tissue to tissue, and even within the same tissue. 

A. Water 
Moisture is generally the largest single component within the body, 

and it varies inversely with the fat content, as was explained earlier. The 
inverse relationship is illustrated by the data from Liuzzo (28), in which 
he used 23 female guinea pigs weighing from 507 to 1064 gm. The range 
in the water content of the eviscerated carcasses was from 73.30 to 
52.15%. The corresponding values for the fat content of the same guinea 
pigs were 3.45 and 30.83%, which again covered the extreme range in 
values. The correlation coefficient between the water and fat contents 
was —0.99. 

T A B L E II 
THE WATER CONTENT OF THE FAT-FREE BODY OF DIFFERENT SPECIES 

Per cent water in 
Species fat-free body a Reference0 

Guinea pig 72.4, 74.2 17, 29 
Rat 71.8, 74.4, 72.6 17, 30, 31 
Rabbit 73.5, 76.3, 72.6 17, 32, 67 
Cat 72.4 17 
Dog 74.5, 69.9 32, 33 
Monkey- 73.3 32 
Man 73.2, 77.5, 69.4, 73.2 17, 36, 42, 43 
Cattle 72.6 54 
Sheep 74.0», 76.6 6 , 77.6 35, 99 
Pig 74.4, 75.3 C , 74.6 22, 24, 25 
Goats 74.4, 72.8 99, 99a 

° The values given for the per cent of water in the fat-free body correspond to the 
order of listing for the references. Some of the values given were calculated from data 
given in the references. 

b Values from Reid et al. (35) for older and younger sheep, respectively. 
c For pigs weighing 225 lb and containing 34-46% fat. 

Hatai (29) gave average values for the per cent of water in the 
whole body of the rat, guinea pig, rabbit, and cat as 65.3, 67.1, 69.2, and 
66.7, respectively. Average values for the water content of the whole 
bodies of other animals have been reported in the literature as 63.6 and 
61.5 for the rat (30, 31), 63.5 for the guinea pig (17), 74.3 for the rabbit 
(32), 59.5 and 59.5 for the dog (32, 33), 68.5 for the monkey (32), 45.4 
and 49.0 for the pig (24, 25), a range of values from 56.3 to 78.31 for 
cattle, depending upon age and level of feeding (7, 8, 12, 34), and values 
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of 58.1 to 66.6 for sheep (35), dependent upon age and fatness. Mitchell 
et al. (36) obtained a moisture content for the cadaver of a single adult 
male human of 67.85%, which falls slightly outside the range of 58 to 
65% given by McQuarrie (37) in a review. However, the value agrees 
closely with the 67.6% of Moleschott (38), and it is lower than the 75 
to 80% arrived at by Rowntree (39) for the adult human. 

The wide range in water content between and within species serves 
to emphasize its variability and its dependence upon fatness and age. 
Water content alone is of little value, except that it gives an estimate of 
actual fatness. Of more fundamental interest to the student of nutrition 
is the percentage of water in the fat-free body. Such information is 
essential in applying dilution techniques to measurement of body compo
sition. A summary of some estimates given in the literature for the water 
content of the fat-free body is presented in Table II . In general, it can be 
seen that the variability in water content becomes quite narrow, and 
that even the agreement between species is quite close (17). Neverthe
less, the variability between individual values is still large enough to 
introduce a sizeable error in subsequent calculations for fat or muscle. 

B. Fat 
It is difficult to discuss the water content of the body without con

sidering the fat content because of their interrelationships. Thus, con
sideration will be given to water content as it is utilized in calculating 
fat content. Due to the inverse relationship between water and fat in the 
body, there is also a great deal of variation in the fat content, which 
depends upon the level of feeding (2, 7-9), age (12, 34, 35), and other 
factors. Values for the percentage of fat in the body are numerous, and 
only a few will be selected for this discussion. The percentage in the 
whole body of the sheep has been found to vary from an average of 
13.0 for the young to 21.5 for older animals (35), while extremely fat 
animals have been reported to have as much as 60.2% fat (40). Sim
ilarly, the percentage of fat content in cattle is extremely variable, with 
values ranging from 1.97 to 21.57 for cattle over 18 months of age (34), 
and from 1.24 to 6.03 for calves less than 42 days of age (41). Values 
for fat percentage of 9.0 (29), 14.6 (30), and 15.3 (31) have been 
reported for the rat, 10.0 (29) and 12.3 (17) for the guinea pig, 2.5 (32) 
and 7.8 (29) for the rabbit, 7.9 for the cat (29), 15.4 (33) and 20.1 (32) 
for the dog, and 6.5 for the monkey (32). Values for the percentage of 
fat content of the adult human have been reported as 12.5 by Mitchell 
et al. (36), 19.7 by Forbes et al. (42), and 23.6 by Widdowson et al. 
(43). Thus, the variability of the fat content of different species be
comes apparent. 
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Separation of the body into adipose and muscle tissue may not al
ways agree with the chemically determined components, largely because 
of the variation in the composition of the adipose tissue, which is not 
reflected by weight or mass alone. Several studies (41, 42, 44) have 
indicated that the variation in the water and fat content of adipose 
tissue may cause considerable error in composition values based on dis
section. Pawan and Clode (44), using biopsy samples from human adi
pose tissue, reported water contents as low as 12.7% for an obese 
subject, compared to the high value of 50.6% for a lean subject. Fur
thermore, muscle tissue also contains varying quantities of intramuscular 
fat, which obviously results in some error when determining the per
centage of muscle by dissection techniques. Muscles appearing to be 
completely devoid of intramuscular fat usually contain no less than 
1.00% fat and may contain as much as 5% (44a). On the other hand, 
intramuscular fat may run as high as 20%. I t is obvious that ignoring 
the intramuscular fat content in dissection studies may likewise result 
in sizeable errors in composition. 

Calculation of Fat Content 
The amount of fat in the body can be calculated from density, as 

outlined by Pace and Rathbun (17), or from the water content of the 
body, which is determined by some dilution technique, such as antipyrene 
(20, 45), iV-acetyl-4-aminoantipyrene (46, 47), I 1 3 1-labeled 4-iodoanti-
pyrene (47, 48), or chromium-51 red cell volume (49, 50). 

Calculation of body fat and lean body mass from density assumes 
that the body can be divided into two compartments—fat and lean— 
which have constant but different densities (51). On this assumption, 
Rathbun and Pace (52) derived the following equation for estimating 
the fat content of the guinea pig from density: 

% fat = 100 5 · 3 6 2 . , - 4.880. sp. gravity 

The same authors, on the basis of a density of 0.918 for human fat and 
1.10 for the density of the fat-free human body, used the basic equa
tions given by Morales et al (53) and computed the following equation 
for estimating the total body fat of man: 

% fat = 100" 5 5 4 8 . - 5.044. sp. gravity 

This equation was modified by Keys and Brozek (IS) to correct the 
density to 37°C, which resulted in the following formula: 
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% fat = 100 5.038 - 4.593. sp. gravity 

After determination of total body water by chemical means, the body 
fat is calculated. The calculation assumes that the total body water is a 
constant fraction of the lean body mass. This assumption has been 
generally accepted, although some workers have cast doubt upon its 
validity (18, 19, 25). Wedgewood (51) gave the following formula for 
estimating fat content from total body water: 

After first establishing that antipyrene gave a reasonably good esti
mate of composition (21), Kraybill et al. (54) used values of 0.891 for 
the density of beef fat and 1.121 for the density of the lean body mass 
to arrive at the following equation for calculating the fat content of 
cattle: 

I t should be pointed out, however, that the data of Kraybill et al. (54) 
for cattle were made on eviscerated animals, as has been commonly 
done by other authors in obtaining density values (17, 21). Obviously, 
some error would result if the relationships observed for eviscerated 
animals are applied to intact animals. The equation of Reid et al. (35), 
as given here, appears to be more refined and applies to intact cattle 
minus the ingesta: 

where X = % water in the empty body. 
Reid et al. (35), using similar procedures, arrived at the following 

equation for estimating the fat content of sheep: 

where X ~- % water in the empty body. 
I t can be seen that equations for estimating the fatness of various 

species of animals are not the same. Application of indirect methods to 
measuring composition must necessarily be preceeded by the development 
of a satisfactory equation for the species being studied. Fortunately, a 
number of investigators have found that sex differences have little 
effect upon application of the data to the equations (17, 55). Reid et al. 
(55) noted that age, body type (beef or dairy), and sex of cattle was 
without effect upon the accuracy of predicting fat content when using 
their equation. 

% fat = 100 - 1.3928 (total body water). 

% body fat = 100 - % body water 
0.726 

% fat = 355.88 + 0.355Z - 202.91 log X 

% fat = 236.99 - 0.444X - 107.14Z 
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C. Protein and Mineral 
The content of these two body components is much less variable than 

fat and water, though small amounts of variation are more likely to 
be significant. Because of the smaller amount of variability, the protein 
and mineral contents of the body have been largely ignored in compo
sitional studies, although several workers have made exhaustive mineral 
analyses of the human body (36, 42, 43). I t seems likely that the student 
of body composition will need to place more emphasis upon the protein 
and mineral contents than has been done up to this time. For example, 
the so-called "body cell mass" of Moore et al. (56) has provided a 
reference standard for measuring energy exchange, work performance, 
and mitotic potential. The measurement of body cell mass is based on 
the total exchangeable potassium and can be applied in the diagnosis of 
certain metabolic abnormalities (57, 58). I t seems likely that not only 
will concepts based on more complete knowledge of the mineral and 
protein composition of the body provide diagnostic information for the 
clinician, but that these concepts must be developed from more complete 
knowledge of the over-all composition of the body. 

Although the study of mineral components and their levels in the 
body has been a subject of interest for many years and extensive publica
tions have been released on the subject (59, 60), the knowledge of the 
protein content of the body has not been well defined and differentiated. 
Until recently, most work simply divided the nitrogen-containing frac
tion of the body into protein and non-protein nitrogen. However, the 
muscle proteins can be divided into several classes on the basis of solu
bility and functional properties. First, the sarcoplasmic proteins, which 
are in the fluid bathing the cells, are water soluble. They include most of 
the glycolytic and respiratory enzymes, as well as myoglobin and other 
pigments. Second, the myofibrillar or contractile proteins, which have 
been studied extensively in muscle contraction (61-63), are soluble in 
dilute salt solutions. They include actin, myosin, and the combined pro
tein, actomyosin. Third, the stroma proteins, which are sometimes called 
connective tissue proteins, form the supporting structure for the muscle 
fibers. They include collagen, elastin, and reticulin. Collagen is gela
tinized by autoclaving, while elastin is soluble only on digestion with 
strong alkalis or acids, and reticulin stains strongly with silver-contain
ing dyes. Fourth, there are a number of special proteins in the body, 
which include glycoproteins, lipoproteins, keratin, and others. This spe
cial group of proteins serves widely divergent but important special 
functions in the body. The glycoproteins are found in large quantities 
in connective tissue, while lipoproteins play an important role in pre-
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venting cell fragility. Keratin serves a structural and protective function 
in the skin, toe nails, finger nails, claws, or hoofs, as the case may be. 

Nitrogen balance has been used by the nutritionist for years, and it 
is a valuable diagnostic tool. Serial changes in body weight, total body 
water, and nitrogen balance have been used to diagnose physiological 
upsets in man, and have proven especially useful in estimating changes 
in the body fat (64, 65). A reasonable estimate of the changes in total 
body fat can be made by subtracting the sum of the changes in the 
total body water and body protein from the change in body weight (66). 
This method has proven to be particularly valuable in following changes 
in the density of the fat-free body when it is undergoing significant 
alteration. 

Several workers (35, 67) have also proposed the use of constants for 
estimating the protein and mineral composition of the body. The con
stants are based upon the assumption that the composition of these con
stituents is relatively fixed in the fat-free, moisture-free body. 

In summing up the information on the protein and mineral content 
of the body, a statement from Reid et al. (35) seems to best state the 
situation. "I t is often assumed that the composition of the fat-free body 
mass is constant, particularly in 'chemically mature' animals, and this 
assumption is employed as an expedient to resolve the total composition 
when the fat concentration is known. However, it was found that the 
composition of the fat-free mass of the bodies of cattle is not constant 
but is related to age. During early life, the concentration of water 
declines and that of protein and ash markedly increases to about 400 
days of age after which the changes in concentration are smaller and 
more gradual, though they continue at least until 5,000 days of age." 
Needless to say, our knowledge of the protein and mineral composition 
of the body is far from complete. 

D. Other Components 
There are numerous other components, such as carbohydrates, vita

mins, hormones, and enzymes, that have not been previously discussed, 
but are nevertheless important. Obviously, this broad classification in
cludes a number of nitrogenous compounds which are normally classed 
as proteins, but for ease of discussion they are included herein. The 
carbohydrate is present in the largest amount and may exist as glycogen, 
reducing sugars, or as sugar phosphates. On anaerobic breakdown, glyco
gen is degraded to lactic acid. Bate-Smith (68) and Bendall (62) have 
summarized the changes of carbohydrate in muscle as related to muscle 
contraction and development of rigor mortis after death. 

The vitamins, hormones, and enzymes are present in smaller amounts, 
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but play an important role in the maintenance of body functions. 
Although tissue levels of a great many of the specific entities in the 
different classes of compounds are known, their relationship to body 
composition is not well understood. I t is known, however, that certain 
goitrogenic drugs such as thiouracil or thiourea have a marked effect 
upon gross body composition, i.e., the relative amounts of body fat 
(69, 70). 

I I I . METHODS OF MEASURING COMPOSITION 

Basically, the methods of measuring body composition can be divided 
into two classes: direct, and indirect. The direct methods are not ap
plicable to living animals or man and can be applied only to sacrificed 
animals or human cadavers. Obviously, the usefulness is limited to 
significant experimentation, where the extra labor involved becomes 
meaningful. As was pointed out earlier, the only certain validation for 
the indirect methods of determining body composition is by a comparison 
of the indirect method in question with slaughter experiments followed 
by chemical analysis or dissection studies (11). Unfortunately, sufficient 
effort has not been expended in comparing results between direct and in
direct methods, but rather one indirect method is compared with another. 
The latter procedure can only be justified for human beings, and even 
then, the researchers should perform direct analyses on small or large 
animals after first obtaining estimates of composition by the indirect 
procedure. A comparison of results will then give information on the 
accuracy of the indirect methods. 

For chemical analysis, sampling is not without its pitfalls, and 
careful checking for accuracy of the sampling procedure is necessary. 
Special grinders capable of homogenizing the entire bodies of large 
animals are now available and have made sampling easier, although the 
cost may be prohibitive in some instances (71). The technique of freez
ing the entire body, sawing into strips on a band saw, and grinding while 
still frozen, as outlined by Barton and Kirton (72), has proven to be 
satisfactory in our laboratory (25). 

The dissection technique has been championed by various researchers 
at Cambridge University (2, 5, 9, 10, 73, 74), and it has proven to be 
particularly useful in determining the relative proportions of different 
tissues, as well as by providing information on muscle weight and size. 
Cuthbertson and Pomeroy (75) have used the dissection method for 
following changes in gross composition and skeletal alterations occurring 
during growth. 

The remainder of this chapter will be devoted to discussing some of 
the indirect methods of measuring body composition and reviewing their 
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usefulness. Broadly speaking, the indirect methods can be divided into 
dilution techniques and the densitometric procedures, for which the 
theoretical bases have been presented. 

A. Body Water Diluents 
Total body water is usually obtained by injecting a chemical into the 

blood stream. After removal and analysis of a number of samples over a 
period of time, the value is extrapolated back to zero time. The chemical 
that is injected should be distributed rapidly and uniformly throughout 
the body. I t must be metabolized at a uniform rate, preferably slowly. 
Furthermore, it must be nontoxic, easy to determine, and not normally 
present in the body in appreciable amounts. 

1. Antipyrene, N-Acetyl-4-aminoantipyrene, and 
I131-Labeled 4-Iodoantipyrene 

Antipyrene, iV-acetyl-4-aminoantipyrene, and I 1 3 1-labeled 4-iodoanti-
pyrene have all been used to estimate total body water. Good discussions 
on determination of antipyrene and its derivatives have been published 
by Pawan (76) and Talso et al. (47). 

a. Antipyrene. Antipyrene has been widely used to determine total 
body water. Its use is based on the method of Brodie et al. (20), which 
was adapted to measuring total body water by Soberman et al. (77). 
I t has been widely used in the United States for large animal studies 
(21, 22, 24, 34, 35, 54) with some apparent success. I t is metabolized at 
a variable rate and becomes bound to the plasma proteins in some cases 
(76, 78). I t also has a disadvantage, in that frequent usage for humans 
may cause skin eruptions and even agranulocytosis. Although results 
have generally been satisfactory (24, 34, 79), Reid et al. (35) obtained 
slightly better results in estimating body water for sheep from "shrunk" 
body weight (body weight after a 20-hour fast) than from antipyrene 
alone. Although these same authors obtained estimates of the energy 
value of the body by using a combination of the creatinine coefficient, 
antipyrene, and iV-acetyl-4-aminoantipyrene which were superior to 
"shrunk" body weight for sheep containing less than 30% body fat, 
"shrunk" body weight was an effective predictor of energy value. Pana-
retto (67) reported good results with antipyrene for estimating the com
position of rabbits, but Garrett et al. (80) have criticized the antipyrene 
method for ruminants. 

b. Λr-Acetyl-4-aminoantipyrene. iV-Acetyl-4-aminoantipyrene was first 
used by Brodie et al. (46) to predict total body water. I t is easier 
to determine, does not seem to be bound to the plasma proteins, and is 
metabolized at a slower rate than antipyrene, but the rate of diffusion 
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through the body is slower (76). Although the earlier work of Reid et al. 
(35) indicated that antipyrene is distributed throughout all body water 
and that iV-acetyl-4-aminoantipyrene does not enter the gut, these 
workers were unable to improve their predictive values by trying to 
differentiate between total body water and water in the gut of the 
ruminant. Panaretto and Reid (81) reported that estimates of body water 
made on ruminants with iV-acetyl-4-aminoantipyrene were always smaller 
than corresponding values obtained by antipyrene, which confirmed the 
earlier work of Whiting et al. (82). The volume of water in the gut 
could not be predicted with any degree of accuracy by the simultaneous 
use of these two drugs in a subsequent study (83), and it was suggested 
that concentrations in the gut of the ruminant increased at variable rates. 
Whether the variability of the water contents of the gut causes a size
able error in estimating the water content of nonruminants is not known. 

c. I131-Labeled Iodoantipyrene. I 1 3 1-labeled iodoantipyrene was first 
used for estimating the body water of humans by Talso (47), and was 
later used for sheep and other animals by Hansard and others (47, 84). 
Some studies with I 1 3 1-labeled iodoantipyrene (84) have indicated that 
there is less protein binding, corrections for protein binding can be made 
more easily, metabolic breakdown is faster, and the ease and speed of 
measurement is faster than for antipyrene. The use of radioactive labeled 
antipyrene does require a counter to determine radioactivity and is not 
adaptable to experiments with large animals where attempts are made 
to salvage the meat for human consumption. 

2. Urea Dilution 
Urea dilution was used by McCance and Widdowson (85). Pawan 

(76, 86) indicated urea dilution to be a simple, accurate, and convenient 
method for measuring total body water. Obviously, corrections must be 
made for the normal urea content of the blood. Major sources of error 
occur with certain disease conditions or abnormal fluid deposits, while 
smaller errors may occur from failure of urea to equilibrate in some 
minor tissue fluids, possible destruction of urea in the alimentary tract 
by bacteria or gastric urease, variations in the endogenous formation of 
urea, and losses of urea due to diuresis on ingestion (76). Ralls (87) has 
also claimed that the urea is not equally distributed between the plasma 
and blood cells, but Pawan (76) has indicated that any error so induced 
is of minor importance. 

3. Deuterium, Tritium, and Chromium-51 
Deuterium, tritium, and chromium-51 are all used in radioactive tracer 

techniques. Moore (88) gives an excellent discussion of the principle in-
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volved in the isotope dilution techniques for measuring total body water. 
a. Deuterium. Deuterium, as deuterium oxide, has been quite widely 

used for measuring total body water. Many investigators consider it to 
be nearly the ideal tracer (48, 76, 89). Using slaughter studies with pigs, 
Wood and Groves (90) have reported a good relationship between 
chemically determined constituents and the composition estimated from 
deuterium. Total body water of man has been found to be similar on 
comparing labeled urea and deuterium oxide (91). Deuterium has also 
been used to study body water changes during protein deficiency (92). 
Edelman et al. (89) reported that little loss of deuterium occurs during 
the 2- to 3-hour period required for measurement. Some deuterium is 
exchanged or incorporated into other organic constituents of the body, 
but losses are low during the time required for a determination. At high 
concentrations, deuterium is toxic and cannot be considered an ideal 
tracer for hydrogen. The methods of measuring deuterium are outside 
the scope of the ordinary laboratory (76). 

b. Tritium. Tritium, as tritiated water, was used by Pace et al. (93) 
to determine total body water in man and rabbits. Complete distribution 
of the tritiated water occurred in less than 30 minutes for the rabbit, 
and in about 1 hour for man. The study suggested that tritium gave 
results as accurate as deuterium. Although tritium has been used by 
other workers, the difficulties in measurement have limited its usefulness 
(94-97). Tritium does appear to be useful for measuring body water, 
and it has given good estimates of actual composition in rabbits for 
Reid et al. (94), in pigs for Kay and Jones (98), and in goats and sheep 
for Panaretto (99). Although it is more difficult to evaluate results on 
the human, as pointed out earlier, total body water determinations made 
by tritium dilution appear to be reliable (58). In common with other 
methods of radioactivity, tritium dilution precludes serial determinations 
over short intervals of time. 

c. Chromium-δΙ. Chromium-51 has been used to label the red blood 
cells in order to determine blood volume and then calculate lean body 
mass (49). The relationship between red cell mass and lean body mass 
was established for man by Muldowney (100), who also followed 
changes in red cell mass in thyrotoxic and myxedematous patients (101). 
The method has also been used for determining the lean body mass of 
pigs (50), but calculated standard errors for the data indicated that the 
method gave rather large errors (102). The Cr 5 1 method would not be 
suitable for determining body composition under any condition in which 
the blood cell count is significantly changed. Since a great many factors 
—both nutritional and physiological—influence red cell counts, the Cr 5 1 

method appears to be of limited usefulness. 
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4. Potassium-40 
Potassium-40 is a naturally occurring radioisotope which makes up a 

constant proportion of all potassium (103). Its usage for estimating body 
composition is based upon the theory that all potassium is located with
in the cells, and that practically all cells in the body are indigenous to 
the lean body mass (103a). More details on the theoretical basis of this 
principle have been pointed out by Anderson (103, 104) and by Ander
son and Langham (105). Counting can be accomplished by using the 
sodium iodide crystal or the whole body counter. Figure 2 shows a sketch 
of a K 4 0 counter. Both methods appear to have their champions, although 
the sodium iodide crystal is often used for man, while the whole body 
counter is generally used for either man or animals. 

Lead shield 

x. π. 2L 
FIG. 2. Schematic cross section of the Los Alamos Human Counter for K 4 0. Per

mission for reproduction granted by Dr. E. C. Anderson, Los Alamos Scientific 
Laboratory, Los Alamos, New Mexico. 

The K 4 0 method has the advantage of being nondestructive, so it can 
be adapted to any living animal or man. Whole body counting is gen
erally thought to be relatively rapid, with results in a matter of minutes, 
but Kulwich et al. (106) have shown that the accuracy improves with 
longer counting times. The cost of the counter, which requires heavy 
lead shielding, is a disadvantage, as are problems of geometric design 
and instrumentation. I t has also been shown that K 4 0 content differs 
with age (107) and sex (108). Differences in potassium content of red 
blood cells of various breeds of sheep have been observed by Mounib and 
Evans (109, 110). More recently, Lawrie and Pomeroy (111) reported 
that the concentration of potassium as determined by flame photometry, 
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which Kirton and Pearson (112) have shown to be more accurate than 
K 4 0 , differed by more than 30% between different muscles of the pig. The 
variation was confirmed by Gillett et al. (113), using a larger number 
of pigs from two breeds, which also differed significantly from each 
other. This is in contrast to similar work by Pfau et al. (114, 115), who 
used only two muscles with a large number of pigs (114) or all muscles 
from a single pig (115). These authors made an unfortunate choice of 
muscles in the first study, since the longissimus dorsi and semimem
branosus muscles do not differ significantly (113). Kirton and others 
(112, 116-119) and Kulwich et al. (106, 120, 121) have reviewed the 
work on animals and on muscle samples. Although K 4 0 appears to be 
potentially useful for estimating fat content to within ± 5 % , there 
are a number of unanswered questions in this area. 

Miller and Remenchik (122) have considered some of the problems 
involved in potassium measurement in the human body and point out the 
problem of size and shape, which can be eliminated in the analysis of in
animate material. Furthermore, the unequal distribution of potassium in 
persons of the same anthropometric measurements is possible because of 
distribution and actual variations in the amount of muscle. Barter and 
Forbes (123) have pointed out that the skeleton and fatty tissues contain 
appreciable amounts of potassium, which is in agreement with animal 
studies by Kirton and Pearson (119) and by Martin et al. (124). 

Meneely et al. (125) studied the potassium content of 915 white and 
Negro males and females, using the sodium iodide counting method to 
measure K 4 0 . Both white females and males contained a lower percentage 
of body water and more fat than the corresponding Negro groups, with 
the differences being maintained throughout adult life. I t was also pointed 
out that total body potassium and lean body weight are proportional to 
basal heat production (125). 

Blahd et al. (126) studied the total body potassium, as measured 
with the sodium iodide crystal, on 60 patients suffering from muscular 
dystrophy or myotonia atrophica by comparison with unaffected rela
tives. Those patients suffering from muscular dystrophy showed moder
ate to severe depressions in total body potassium, while those suffering 
from myotonia atrophica showed decreased levels, but generally less 
severely so. On determination of total body water with tritium dilution, 
a marked decrease was found for dystrophic patients. When both body 
water and body potassium were expressed as a ratio and plotted accord
ing to age, the values obtained were significantly abnormal for the 
dystrophic patients. The authors concluded that intracellular potassium 
deficiency is a primary factor in muscular dystrophy and suggest it is 
due to a benign biochemical trait. 
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In summary, Κ 4 0 determinations seem to be useful in the detection of 
certain human diseases, and they can be used in studying the reasons 
for the physiological upsets occurring in man under certain conditions. 
However, present methods do not give precise compositional values. 

5. Exchangeable Potassium 
Exchangeable potassium, commonly called the K e by clinicians and 

scientists, was suggested as a means of following changes in body com
position by Moore (88). Later, McMurray and co-workers (127) devised 
a method whereby total body water, total exchangeable potassium, total 
exchangeable chloride, red cell mass, and plasma volume could all be 
determined simultaneously in man. The method has been improved, and 
it is described in detail by Boling (58). Essentially, the method consists 
of giving the tracers K 4 2 , Na 2 4 , Br 8 2 , and HTO (tritiated water). After 
a period has been allowed for equilibrium to occur, samples are collected 
and counted. Boling (58) has described a counter that is capable of 
measuring exchangeable potassium in man, using a dosage of only 50 
fic of K 4 2 after allowing equilibration to take place for 40-46 hours. 
In an earlier paper, Boling et al. (128) demonstrated that exchangeable 
potassium is closely related to total body water and that exchangeable 
sodium showed a similar relationship. On this basis, Boling (129) 
showed that exchangeable sodium and exchangeable potassium could be 
used to improve the prediction of total body water. Boling and Lipkind 
(130) have simultaneously measured total exchangeable potassium, total 
exchangeable sodium, and total body water by dilution of K 4 2 , Na 2 4 , 
and H 3 , respectively. They found that the sum of exchangeable potassium 
and exchangeable sodium was highly correlated with total body water 
(0.991). 

Finally, Moore (131) explained the clinical implications of the in
formation thus gained upon care of the sick, clinical diagnosis, and 
treatment. He pointed out that the obtained information can be used to 
assess the role of the endocrine glands and their secretion in controlling 
body water and salt concentration. Likewise, energy exchange and body 
composition are closely related, and a complete understanding of body 
composition should provide a base for the measurement of work per
formance and energy exchange. Other studies have been reported which 
help to piece together the controls for body water and their relation
ships to body composition (109, 132-134b). 

6. Multiple-Component System Using 2£40 or K42 

Allen et al. (135) developed the concept of M3, which they defined as 
the residual mass of the body after removal of bone mineral, fat, and 
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water. A density of 1.398 was reported for M3. Total body potassium is 
proportional to the body mass minus the bone mineral, fat, and water, 
and may be derived from the body water {W) according to the expres
sion: Μ3 = (0.276 ± 0.0057) W. When corrected for age and sex, the 
correlation between M3, as derived from body potassium, and body water 
is quite good. Body potassium may be determined either by K 4 0 counting 
or by K 4 2 dilution. A similar approach to define composition by quanti
fication of potassium and other cell moieties has been proposed by An
derson (104) with his three-component system which divides the body 
into three fractions, namely, adipose tissue, muscle, and "muscle-free 
lean" (the skeleton, skin, nervous system and all internal organs). 
Obviously, the measurement of any two components makes it possible 
to obtain the third by the difference. Anderson (104) proposed the 
measurement of muscle, by either K 4 2 dilution or K 4 0 counting, and body 
water, by tritium dilution, as a means of arriving at body composition 
by the three-component system. 

B. Body Fat Dfluents 
Although more complicated than the determination of total body 

water, the principle of fat diluents is the same as that of water diluents. 
In 1935, Behnke et al. (136) attempted to determine the body fat con
tent by using nitrogen, which is five times as soluble in fat as in 
water. Lesser et al. (137), using cyclopropane, determined the body 
fatness of rats. Since then, Perl et al. (138) have given more details on 
the cyclopropane method, with particular reference to its distribution in 
the body, and Lesser et al. (138a) have reported more details on the 
distribution in normal human subjects. More recently, Lesser and Zak 
(139) described the apparatus used, along with the results obtained, on 
measurement of the body fat content by simultaneously determining the 
absorption of cyclopropane and krypton. The authors pointed out that 
obtaining uptake data on the two gases together increased the accuracy 
of the method and decreased the possibility of random errors. On com
parison of total body water values thus obtained with those from the tri
tium method of estimating the fat-free lean mass, results showed rela
tively good agreement. 

A sleep-time study makes indirect use of the fat dilution method. I t 
is based upon measuring the period of unconsciousness following ad
ministration of a known amount of anesthetic—usually one of the thio-
barbiturates, such as Kemithal or thiopental. The anesthetic is absorbed 
in proportion to the amount of body fat, while the remainder must be 
metabolized by the lean tissues, which occurs only slowly. Thus, ani
mals with a greater amount of body fat regain consciousness earlier than 
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lean ones. The method was based on the observations of DeBoer (140), 
and was later developed by Brodie et al. (141), Feinstein (142), and 
Hermann and Wood (143). Feinstein and Hiner (144) have described the 
method as it is related to leanness and fatness in the pig. At present, the 
sleep-time method does not appear to be sufficiently refined to give ac
curate estimates of composition. 

C. Densitometric Procedures 
Discovery of the principle of density is attributed to the Greek 

scientist, Archimedes, who, circa 200 B.C., while taking his bath, re
portedly observed that body parts displaced a volume of water equal to 
their own. In 1757, Robertson (145) applied the density method to 10 
"middling-sized men" whom he bribed to submerge themselves in a tank 
filled with water. He was not satisfied with the results and complained 
that the men were more interested in the bribe than in the experiment. 

Since density is the weight per unit of volume, the major problem 
becomes one of measuring or determining volume. This can be accom
plished either by water displacement or gaseous displacement. Water 
displacement can be ascertained either by actually measuring the amount 
of water displaced, or by hydrostatic (underwater) weighing, which 
gives volume by subtracting the weight under water from the weight in 
air. Then by applying the following formula, one obtains the density: 

Density = W f*^ . 
volume 

With air displacement, the same basic principle is involved, yet the 
problems in measuring the amount of air displaced are much more com
plicated, since the surrounding atmosphere is composed of gases. A gas-
tight chamber of known volume is required, in which the person, animal, 
or object can be enclosed. Then the volume can be determined either by 
the dilution principle, using an inert gas such as helium, or by pressure 
changes, using the basic formula: 

V Χ Ρ = V1 X P1 

where V = volume and Ρ = pressure. The changes in gas pressure can 
be either positive, where a known amount of gas is added, or negative, 
where a vacuum is drawn. The change in pressure is used to calculate 
volume. Although measurement by gaseous displacement is mechanically 
more difficult, it offers the advantage of including the air spaces of the 
respiratory tract in the system. However, corrections for the volume of 
the respiratory tract must be determined by some other means when 
using the water displacement procedure. 
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1. Water Displacement 

Following the work of Robertson (145), referred to earlier, Spivak 
(146) attempted the underwater weighing of humans, but did not make 
corrections for lung volume. Behnke (147) pointed out that attempts to 

FIG. 3. Device for underwater weighing, showing load-sensitive cell and Sanborn 
recorder. After Gnaedinger et al. (167). 



22 Α. Μ. PEARSON 

measure composition by underwater weighing were doomed to failure 
until 1938, when corrections were applied for the pneumatic volume at 
the time of weighing. Boyd (see 148) reviewed the earlier work on 
obesity and density by concluding that obesity tends to decrease spe
cific gravity. However, the first reported successful measurement of body 
density was achieved by Behnke et al. (148) when they corrected for 
lung volume by weighing at the completion of the maximal inspiration 
and again at the end of the maximal expiration. Residual air volume was 
then determined by helium dilution and used to correct the body volume. 
In spite of the elegant work by Behnke and his co-workers (148, 149), 
the use of underwater weighing is not a simple technique and requires 
special training. Furthermore, the method cannot be easily adapted to 
the infirm or extremely young, and it is not practical for use with in
tact living animals, although it has been attempted (150). Figure 3 
shows the underwater weighing technique in operation. 

The application of underwater weighing to the eviscerated carcasses 
of both large and small animals is much simpler and has been extensively 
investigated. The work of Morales et al. (53) is a classical study which 
provided the basic information for arriving at the equations for cal
culating the density of the fat-free body, using data derived from anal
ysis of the guinea pig. Underwater weighing of the carcass has been used 
by Babineau and Page (151) and by Da Costa and Clayton (152) in 
studying some factors influencing the composition of the rat. Pitts (153-
155) has also used underwater weighing successfully to determine com
position of the eviscerated carcasses of guinea pigs. This technique has 
also been used for estimating the composition of carcasses and cuts from 
farm animals (156-160). 

In spite of the usefulness of underwater weighing, it is not a panacea 
for those interested in composition. There are obvious drawbacks to the 
method for living humans and animals, inasmuch as the method cannot 
be applied where body composition data would be most useful, i.e., for 
the infirm and for use in selecting breeding animals. However, it does 
provide a useful technique that offers a means of determining composi
tion, within its limitations, and can provide worthwhile data to the 
researcher. 

2. Helium Dilution 
The helium dilution procedure is the most common gasometric pro

cedure for the determination of body density. The method was first used 
by Walser and Stein (161) to determine the density of living cats. How
ever, Siri (162, 163) has generally been credited with placing the method 
on a sound basis. The animal or man is enclosed in a chamber of an 
accurately known volume, and an exactly measured volume of helium 
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gas is injected into the chamber. After adequate time for mixing of the 
gases in the chamber has elapsed, a sample is removed and analyzed. 
The degree to which the gas is diluted makes it possible to calculate the 
volume occupied by the animal or man. The larger the space occupied 
by the animal or man, the more concentrated the gas will be, while the 
smaller the animal or man, the lower the concentration of helium. The 
analysis for helium has usually been carried out by the thermal con
ductivity method. 

An extensive series of investigations has been conducted by Siri (162, 
163), using the helium dilution procedure. He constructed an apparatus 
for measuring the volume of man (164). The greatest improvements in 
his technique were a more accurate method of measuring helium and the 
incorporation of corrections for relative humidity and temperature into 
the formula. The increased accuracy of measuring helium concentration 
was achieved by construction of an electronic circuit to power the thermal 
conductivity cell, which possessed exceptional current stability. Siri 
(164) estimated the magnitude of the errors that could be tolerated in 
each detail of design in order to measure volume with a standard devia
tion of ztO.l liter. 

Other modifications of the helium dilution procedure have been used 
by Foman et al. (165) for determining the volume of infants, by Hix 
et al. (166) for men and women, and by Gnaedinger et al. (167) for 
market-weight pigs. Results have been variable, with Foman et al. (165) 
indicating a fairly small standard deviation, while Gnaedinger et al. 
(167) obtained poor agreement between specific gravity values obtained 
by helium dilution and chemical analysis of the pig. Probably one of the 
most encouraging papers published is that of Hix et al. (166), who 
obtained a correlation of 0.96 and 0.91 for density values determined by 
helium dilution and air displacement, using men and women, respectively. 

Gnaedinger et al. (167) pointed out some of the major problems of the 
helium procedure. They calculated that for pigs weighing 181-220 lb 
with a range in total fat content from 27.4 to 41.1%, each 0.5% change 
in fatness would change the density by 0.001 units. To obtain the den
sity of an animal weighing 95.49 kg accurately to the third decimal, 
assuming that there was no error in weighing, would require that the 
volume be measured to an accuracy of 0.1 liters or about 1 part in 
1000. These authors pointed out the problems in correcting for relative 
humidity and temperature, but stated that the activity of the animal 
inside the chamber was probably the greatest single source of error. 
This would suggest that anesthetization be used for animal studies, and, 
in the case of humans, that they be instructed to lie still during the 
determination. 

Although the helium method of determining body density by dilution 
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procedures may not give an accurate estimate of body composition, the 
method has some inherent advantages. By more precise control of the 
variables, the helium dilution procedure for measuring density would 
seem to be feasible. Perhaps a combination of helium dilution and total 
body water, as determined by tritiated water or one of the other body 
water diluents, would provide a better estimate of actual composition. 

3. Air Displacement 
Spivak (146) indicated that the first attempts to determine body 

density by air displacement were made by Jaeger over 80 years ago. 
Jaeger used the Kopp volumeter, which he found to be fairly accurate for 
inert objects, but it did not give good results with the living organism due 
to pressure changes resulting from gaseous exchange, vaporization, and 
increasing air temperatures. Pfaundler (168) in Germany constructed a 
chamber for measuring the body volume of the cadavers of young chil
dren, but obtained poor correlations between density measurements 
determined in this way and those obtained by underwater weighing. The 
poor relationship was probably due to the failure to correct for the air 
in the lungs and respiratory tract of the cadavers, since he obtained good 
agreement on subsequent values for the air displacement procedure if he 
allowed the temperature of the cadaver to fall to room temperature before 
making the determination. Body volumes were calculated by introducing 
negative pressures. 

Pfleiderer (169) modified the earlier procedures by adding positive 
pressure in the form of compressed gas. His results indicated a mean 
error of 1 to 2% in body volume. Kohlrausch (170) studied the rela
tionship between the body fat content of dogs and specific gravity de
termined by air displacement. Although he indicated relatively good 
results, the study was based upon only four dogs, and details are not 
given for the chemical analysis on the bodies of the dogs. In a second 
study, Kohlrausch (171) subjected one of the dogs that he had used in 
the earlier work to heavy muscular exercise on a motor-driven treadmill. 
The dog's body weight declined from 10,805 to 9,060 gm, and specific 
gravity increased from 1.054 to 1.074 during several months training. 
The author calculated that the fat content decreased from 1217 to 609 
gm, while the active muscle mass, which was calculated from the basal 
metabolic rate, increased from 1676 to 1750 gm. 

Bohnenkamp and Schmah (172) obtained the density of humans by 
enclosing them in an airtight chamber and then increasing the pressure 
by adding known amounts of oxygen. They attempted to minimize 
humidity changes by complete saturation of the air with water vapor. 
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They made temperature corrections and also carefully mixed the air 
within the chamber. These authors obtained mean density values of 
1.095 for men and 1.070 for women. This method was criticized by 
Noyons and Jongbloed (173) as being too complicated. The latter 
authors modified the procedure, using cats, by weighing them at different 
pressures. The cats were weighed at atmospheric pressure first, and 
could then be weighed at either positive or negative pressures in order to 
calculate their volumes. Later Jongbloed and Noyons (174) applied this 
procedure to humans and obtained an average value of 1.080 for spe
cific gravity. They observed that positive pressures seemed to be more 
comfortable for the patients than negative pressures. 

FIG. 4 . Schematic diagram of chamber arrangement for air-displacement pro
cedure of measuring body volume. After Gnaedinger et al. ( 1 6 7 ) . K E Y : A = hygrom
eter ; Β = thermistor; C and D = 3-way valves; Ε = glass stopcock; F = mercury 
manometer, cistern type. 

More recently, Wedgewood and Newman (175) attempted to use a 
sine wave of changing volume on the gradual changes due to heat, vapor, 
and air exchange. Liuzzo et al. (176) obtained relatively good results 
by measuring the density of guinea pigs by air displacement, while Hix 
et al. (166) recently reported excellent agreement between volumes and 
densities of men and women obtained by the air displacement and 



26 Α. Μ. PEARSON 

helium dilution techniques. Figure 4 shows a sketch of the apparatus 
used by Gnaedinger et al. (167) for determining density by air displace
ment. Kodama and Pace (177) have also recently reported a correlation 
of 0.84 between the specific gravity of live hamsters, as determined by 
air displacement, and the specific gravity of their eviscerated carcasses, 
obtained by underwater weighing. Falkner (178) has also used the air 
displacement method for measuring the body volume of babies. How
ever, more reliance has generally been placed upon the body water 
diluents for determining compositional changes of children. 

Although the air displacement procedure for measuring body volume 
is based on a straightforward principle, its success has been limited. 
Corrections for temperature and humidity are essential, while accurate 
readings for pressure are necessary to achieve the acceptable precision. 
Nevertheless, the air displacement procedure is based upon sound prin
ciples and should prove useful with improvement of instrumentation. 

4. Suppressed Zero System 
A modification of the gasometric displacement methods has been 

called the suppressed zero system by Loh (179) and Giacoletto (180). 
This modification calls for two systems, which are mirror images of 
each other, and offers the advantages of the double-beam system in 
colorimeters. The proposal of Loh (179) could be incorporated into 
either the air displacement or helium dilution procedure, and it should 
improve the accuracy due to a decrease in the errors of pressure reading. 
By using the reference chamber or mirror image, it is possible to place 
an accurately known volume in the reference chamber and the subject 
in the other chamber. Then all subsequent readings are expressed as 
differences between the two chambers. Since calculations are based on 
pressure readings or helium content, the mirror image system has the 
effect of making the readings more precise. Although this principle is not 
currently operational, modifications are being made to permit testing 
(181). 

D. Other Methods of Estimating Body Composition 
There are a great many other methods that have been proposed for 

measuring body composition, some of which appear promising and others 
that are only rough estimates. Among the latter group are such proce
dures as linear body measurements for farm animals (182-187), an
thropometric measurements of the human body (123, 188-191), and bone 
density (192-197). In addition, such techniques as radiography (198-
201), ultrasonics (202-208), and skin-fold thickness (209-213) have all 
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been used to provide a rough estimate of body composition. Such meth
ods give only an approximation of composition, and they are not 
suitable when precise compositional data are needed. 

A few other methods that need special consideration as being of 
some promise will be discussed briefly herein. 

1. Creatinine Coefficient 
The creatinine coefficient is defined as the number of milligrams of 

creatinine eliminated from the body per kilogram of body weight during 
a 24-hour period. I t is supposedly proportional to the muscle mass, and 
is, therefore, indicative of body composition (214). Brody et al. (215) 
reported that the creatinine coefficient tended to vary directly with body 
weight, in contrast with basal metabolism, endogenous nitrogen, and 
neutral sulfur elimination, all of which increase with the 0.73 power of 
body weight. Thus, this method has been widely used as an indicator of 
body composition. 

Creatinine (C 4 H 7 ON 3 ) is the anhydride of creatine and is excreted in 
the urine. Schoenheimer and Ratner (216), by using an isotope of nitro
gen, demonstrated that creatinine is derived from creatine, which as 
phosphocreatine plays an important role in energy storage and transfer. 
Although creatinine excretion is indicative of lean body mass, 
studies have shown the relationship to be poorer than some other meth
ods (216a). However, Reid et al. (35) have improved their pre
dictions of body composition by using creatinine in combination with 
some other indirect methods. This would indicate that the creatinine 
coefficient in combination with other methods may prove useful. 

2. Photogrammetry 
The use of stereophotographs has been proposed as a possible method 

for measuring body composition and may offer some possibilities for 
attaining precision. Pierson (217) first used stereophotogrammetry to 
determine the volume of a basketball and suggested its possible useful
ness in measuring body volume. Later, Pierson (218-220) made deter
minations of both volume and surface area on a model of the human 
body by monophotogrammetric methods. Photographs of the body from 
different angles make it possible to calculate the contour lines and obtain 
either body volume or surface area. Since applications to date have been 
made only on a model of the human body, no correction has been re
quired for the air in the lungs and respiratory tract, which will obviously 
need to be determined by helium dilution or some similar procedure. 
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Although stereophotographs are rather expensive and require special 
photographic equipment, the monophotogrammetric method appears to be 
simpler, but not quite as accurate. 

3. Deoxyribonucleic Acid 
Deoxyribonucleic acid (DNA) is known to be localized in the nucleus 

of the cell, and should give an estimate of the relative number of cells, 
as was suggested briefly by Behnke (221). Peckham et al. (222) had 
earlier established that changes in the DNA content of adipose tissue 
occurred during fattening, which suggests that the DNA content of either 
the entire body or of specialized adipose tissue may be indicative of 
fatness. The usefulness of this method has not been established, but its 
theoretical basis would warrant investigation. 

4. Biopsy Techniques 
The removal of tissue samples from the living animal or man is not 

a new method, but its usefulness for indicating body composition does 
not seem to have been fully exploited. This method has been used to 
obtain liver samples for estimation of vitamin A content (223-225) and 
to study changes in fatty tissue and muscle during growth or fattening 
(226-228). Biopsy techniques may be applicable to studying changes in 
the DNA content of selected adipose tissue, or even in studying electro
lyte content and balance. Biopsies of fatty tissues can be used to detect 
hydrocarbons and atmospheric contaminants, since fat serves as a reser
voir for various extraneous substances. Muldowney (229) has illustrated 
the usefulness of biopsies of human muscle to determine total body water, 
body potassium, and body sodium. 

5. Capacitance and Resistance 
Measurement of capacitance and resistance has proven to be useful 

for estimating the moisture content of such diverse materials as butter, 
soil, cereal grains, and bales of cotton (230). Therefore, it is not sur
prising that this method may find application for measuring body 
composition, as recently suggested by Kirton et al. (231). Using live 
lambs, these authors found the method to be significantly related to live 
weight, carcass weight, the percentage of ether extract, and the percentage 
of water, but the residual standard deviations from regression were rela
tively large. 

The apparatus required consists of two parallel plates connected to
gether by a radio-frequency bridge, which gives readings for both 
capacitance and resistance. In theory, this method measures the dielectric 
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constant of a mixture composed of a matrix (the solids of the body), 
which has a low dielectric constant, and water, which has a high dielec
tric constant. Once the dielectric constant of the mixture is known, it is 
possible to calculate the composition with respect to moisture. Since the 
method is relatively simple and determinations can be made rapidly, it 
seems likely that more will be heard about its usefulness in the next 
few years. 

6. Other Techniques 
A great many other dilution techniques for measuring body compo

sition have been investigated, including urea and sulfanilamide (232), 
thiocyanate space (233), radiosodium (234), and radiochloride and 
radiobromide (88). Some of the less well-known methods of measuring 
body composition have been included in reviews by Keys and Brozek 
(18) and Hornicke (235), and are available to those wishing more 
details. 

IV. APPLICATIONS OF BODY COMPOSITION DATA 

Although most of this chapter has centered upon methods of measur
ing body composition, collection of a mass of data on composition is 
not the final goal. Rather, application of the data to solving problems in 
human health and animal biology provides the motivation for most 
research on body composition. The usefulness of accurate estimates of 
composition is unlimited and has possible implications in a great many 
areas, varying from anthropological classification and studies on the 
origin of ethnic groups to the more practical application in human health 
and medicine or in nutritional, physiological, and genetic improvement of 
farm animals. Bridging the gap between the applied techniques using 
body composition and those of the pure sciences is the experimental 
work with laboratory animals that provides information of use in for
mulating the applications in medicine and with farm animals. Although 
a gathering of researchers in this area provides a rare combination of 
common interests in composition, the group is varied in training, back
ground, and applications. As one would expect, the widely divergent 
interests of body composition scientists results in a mass of literature in 
supposedly unrelated scientific periodicals, which requires extensive read
ing by those who would try to keep abreast with new developments. 

A . Clinical Implications 
Some of the implications of electrolyte balance and body composition 

have already been discussed, as related to the field of human medicine. 
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Suffice it to say, at this time, that the papers by Moore and Boyden 
(57) and Edelman (134, 236) give most up-to-date discussions of the 
implications of electrolyte balance and body water in clinical studies. 
Muldowney (229) has pointed out the usefulness of muscle biopsies in 
following the clinical changes in total body water, potassium, and sodium. 
Kyle et al. (237) have discussed changes in body composition before and 
after surgery to correct for Cushing's syndrome, while Talso et al. (238) 
have followed hypokalemic familial periodic paralysis. Schloerb and 
Grantham (239) have related body composition and plasma concentra
tion to gastric alkalosis. Changes in body composition have also been 
followed during illness and convalescence by Boling (129), while Nathan 
et al have also studied body composition as related to androgen treat
ments (240). To summarize, information on body composition is useful 
as a tool for diagnosing and following treatment effects on a number 
of pathological conditions. 

B. Nutritional Evaluation 
I t has been known for many years that diet has a marked influence 

upon body composition. As pointed out by Maynard and Loosli (1), 
weight gains do not provide a good basis for evaluating nutritional 
adequacy, whereas body composition will yield information on the nature 
of such gains. Reid et al. (35) have demonstrated how body composi
tional data can be used in estimating energy changes in the body during 
nutritional experiments, and they have suggested an indirect method for 
estimating such changes. 

Weil and Wallace (241) reported a model study showing the influence 
of varying the protein content of the diet upon the composition of young 
rats, as determined in slaughter experiments. Filer and Churella (242) 
fed littermate pigs on diets containing either 14 or 50% protein and have 
studied the effects by using samples obtained by biopsy. In a classical 
study, Cohn (243) reviewed the subject of feeding frequency and body 
composition. He presented data showing that when the frequency of 
feeding is decreased, more of the dietary constituents are channeled to
ward fat production and less toward protein formation. 

Hanna (244) reported on the total body water content of infants 
fed on various diets, while changes in total body water and extracel
lular water were followed during repletion of malnourished infants by 
Cokington et al. (245). 

Although only a few of the studies on evaluation of nutritional treat
ment by body composition have been presented, the method has probably 
been used more extensively by nutritionists than any similar group of 
scientists. Nevertheless, its usefulness is too frequently ignored by the 
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nutritionist who is satisfied with weight gains or gains per unit of feed, 
while ignoring the untapped information available by analysis of the 
body, using either direct or indirect methods. 

C . Exercise and Physical Training 

The classical experiments of Jokl (246) concerning the effects of 
exercise and rest upon the carbohydrate content of the body provide 
interesting information relative to body composition. Mitchell and Ham
ilton (247) also demonstrated that the glycogen content of the body could 
be increased by exercising steers for a period of time prior to slaughter. 
More recently, Pitts (155) demonstrated that sedentary guinea pigs 
had 2Y2 times more fat and 1% times as much fat-free adipose tissue 
(nonfatty adipose tissue) as the exercised group. 

The extensive reviews of Heald et al. (248-250) have related the 
changes in body composition of children during adolescence to their 
physical performance. The authors reported considerable detail in regard 
to the effects of age upon both composition and physical achievement. 

The effect of exercise and physical fitness upon man has been studied 
by a number of workers (251-253). Obviously, body composition changes 
during physical training provide useful data for evaluating the effec
tiveness of the regimen. 

D. Evaluating Fatness-Leanness in Farm Animals 

In addition to using body composition in evaluation of nutritional 
experiments and in determining energy values of domestic animals, such 
information would be extremely useful in selecting farm animals of 
superior muscle development for breeding purposes. Furthermore, body 
composition data would be useful in evaluating changes in the body while 
on special hormonal or other physiological treatments. If a simple, rapid 
method for determination of body composition could be developed, it 
may even prove useful in the marketing of farm animals according to 
lean content. 

V . CONCLUSIONS 

Measurement of body composition not only has important medical 
implications, but is of interest to the physiologist and nutritionist in 
evaluating the effects of exercise, diet, and other special treatments on the 
body. Compositional data can be obtained by direct analysis of the body 
or some representative fraction thereof, or by special indirect techniques. 
Among the more promising indirect methods for estimating body com
position are the dilution techniques and the densitometric procedures. 
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The usefulness of such techniques, along with their advantages and dis
advantages, have been discussed. In addition, some of the more prom
ising new methods were considered. 
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