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PREFACE

The symposium on body composition in animals and man was conceived in
recognition of the need for analyzing the status of information on the subject
and methods of estimating body composition in the living animal, to determine
the value of those methods as tools in genetic, nutritional, meat, and medical
investigations. Knowing that a number of laboratories have recently planned,
or are in the throes of planning, research concerned with the body composition
of meat-producing animals, the Cooperative State Research Service of the U.S.
Department of Agriculture suggested the probable need for such a symposium
to the American Society of Animal Science. The Society brought the suggestion
to the attention of the National Academy of Sciences, which in turn established
a committee to determine the feasibility of, and eventually to plan, the sympo-
sium. This committee first selected the topics that should be included in the
program, and then invited eminently qualified scientists to deal with these
topics. The papers presented, together with open discussions of each session,
constitute this volume of proceedings.

The major objectives of the symposium were to analyze and communicate
certain aspects of the current knowledge of body composition and methods of
estimating composition in the living animal. Further, it was hoped that such
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aspects as the relative validity of various methods would be emphasized and
that potentially fruitful lines of research might be explored. ’

A complete coverage of body-composition subject matter was not attempted.
Rather, papers were selected to satisfy certain confining criteria. The most basic
requirement of each paper was that it have as its foundation chemical compo-
sition determined by direct analysis of the whole body, or that it relate the
results of indirect methods to directly determined body composition or,
secondarily, to the results of another indirect method that has been validated
by directly determined body composition. Thus, its use of directly determined
body composition as the reference base line can be considered the ‘“heart and
mitochondria” of the symposium.

The symposium was planned and organized by the National Academy of
Sciences-National Research Council with the support of the Agricultural
Research Service, the Cooperative State Research Service, the Economic
Research Service, and the Consumer and Marketing Service—all of the U.S.
Department of Agriculture; the National Institutes of Health of the U.S. Depart-
ment of Health, Education, and Welfare; and the U.S. Atomic Energy Com-
mission.

The planning committee is indebted to many people. Advice and various
services were provided at all stages of planning by C. F. Sierk of the Coopera-
tive State Research Service, U.S. Department of Agriculture; G. P. Lynch of
the Agricultural Research Service, U.S. Department of Agriculture; and H. B.
Sprague, Executive Secretary of the Agricultural Board, National Research
Council. Physical arrangements for the conference at the University of Mis-
souri were very effectively made by a local committee: R. Dobbs, A. J. Dyer,
G. B. Garner, Ruth N. Lutz, H. D. Naumann, and S. E. Zobrisky.

No institution in this country provides a more appropriate setting for a
conference on body composition than the University of Missouri, for this is
the land of Haigh, Moulton, and Trowbridge, who pioneered in the field of
body composition almost SO years ago. Thus, this symposium might well be
considered a golden anniversary celebration of their pioneering studies of body
composition in animals. This is also the place where Samuel Brody, a prodigious
worker in related subjects, made novel contributions to biology.

COMMITTEE RESPONSIBLE FOR THE SYMPOSIUM

J. T. Reid, Chairman
B. C. Breidenstein H. H. Stonaker
S. L. Hansard S. E. Zobrisky
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Josef Brozek  INTERACTION
Lehigh University
OF HUMAN
AND ANIMAL
RESEARCH
ON BODY
COMPOSITION

The assigned title of this paper had a very cold, very academic ring to it. I
was strongly tempted to add a more expressive subtitle. The phrase that
came to my mind was “From Man to Beast and Back Again.” This subtitle
has merit, all right, but it has two disadvantages, one small and one large.
First, I would have had to apologize to Drs. Allen and Krzywicki for bor-
rowing their thyme—they, not I, wrote a chapter entitled “From Body
Water to Bone Mineral and Back Again.”" Second, and more importantly,
the sequence man-beast might be regarded as inappropriate, because most
of the conference participants have been engaged in animal research. For
them, this intellectual excursion should be entitled “From Beast to Man
and Back Again.”

Fortunately, this is not an occasion on which one must be concerned
about protocol and rank. The title of the presentation indicates that the
focal concept is the interaction between research on animal and human body
composition. The interaction is viewed here, as it must be, as two-way traffic
in methods, theories, and empirical data. The bridges lead clearly from man
to beast as well as from beast to man. We have here a continuing dialogue or,
if you prefer to think in terms of cybernetic models, a “reverberating circuit.”

3
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4 INTRODUCTION

It is, then, the basic thesis of this paper that such dialogue and interaction
are essential in research on body composition, as they are in all areas of bi-
ology and medicine. But when we look at the facts—at the history of research
on body composition—we find that in the past the relationship between the
two fields of endeavor has been isolation more frequently than interaction.
We have not read each other’s papers and journals as diligently as we should
have. This has led to loss of forward motion and costly duplication of effort.

A BIT OF RETROSPECTIVE

My own research activities in the field of body composition have been limited
to man. Consequently, I must disclaim at the very outset any expertness in
the animal field. The Laboratory of Physiological Hygiene of the University of
Minnesota, with which I have been associated for many years, has made only
a brief excursion into the animal field. The study was concerned with the
density of body fat extracted from the adipose tissues of man, some labora-
tory animals (dog, rat, rabbit, and guinea pig) and domestic animals (steer,
pig, and lamb). In the domestic animals, but not in any of the other species,
the density of internal fat was somewhat higher than the density of fat ob-
taine(lldfrom subcutaneous adipose tissue. The data were reported by Fidanza
etal

My personal involvement in animal research on body composition has been
indirect, organizational, and, if you wish, “inspirational.” The interaction has
involved several modes of contact.

Over the years, I have carried on extensive correspondence with students
of animal body composition, in this country and abroad, encouraging them,
clarifying details of methodology, pointing out issues of basic biological im-
portance, and stressing the significance and implications of animal research
for human biology. I have been very much pleased to see the growth of in-
terest and research in this field—progress that is well documented by and at
this symposium.

I kept in mind the interests and the contributions of the investigators of
animal body composition when I organized the 1963 Conference on Body
Composition, held under the sponsorship of the New York Academy of

‘Sciences.” Animal research was well represented in the session on
methodology. 21%:33:3%  Animal biologists also contributed to the sessions
on potassium, the element considered to be an indicator of body composi-
tion,2%-23:27 and to the session on physiological considerations. 2437

In addition, an entire session was devoted to animal biology. The session
was concerned, in part, with methodology.%!5:25:30:31.35  Several partici-
pants explored changes in body composition during growth, with special
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INTERACTION OF HUMAN AND ANIMAL RESEARCH §

reference to nutrient intake.!%:26:40:92  Reports on feeding frequency and
body composition'? and on the influence of chronic acceleration3® rounded
out the session.

Even though the title of the 1963 London conference (and of the pro-
ceedings of the conference) was Human Body Composition,® two methodo-
logical papers concerned with animal body composition were included. They
dealt, respectively, with measurement of the body volume of sheep® and with
the interpretation of whole-body potassium measurements.32

In my editorial comment I emphasized that in experimental animal investi-
gations one can tackle problems the investigations of which in human subjects
are awkward, inefficient, imprecise, or outright impossible.’

Whenever the opportunity has presented itself, I have brought to the at-
tention of human biologists the work and findings of their colleagues in the
animal field, be it in the form of book reviews or of systematic reviews of the
literature. Thus, in the journal Human Biology [28 (2), 278-280, May 1956)
I reviewed the volume entitled Progress in the Physiology of Farm Animals,
edited by John Hammonds; in the Quarterly Review of Biology [37 (1), 55,
March 1962] I discussed Max Kleiber’s The Fire of Life: An Introduction to
Animal Energetics. In the version of that review prepared for Human Biology
(34 (4), 323-325, December 1962) I commented that neither the poetic title
nor the subtitle of the book should discourage human biologists from reading
it. I went on to say that the readers of Human Biology might be especially in-
terested in the pages dealing with body composition, a novum in textbooks on
animal nutrition, especially with regard to determining the composition of
living animals.

In a systematic review® of recent literature on body composition that
focused on human data, I made an extended comment concerning research on
the body composition of animals. I made one general point and three specific
ones: I noted that we can expect little help from animal studies regarding the
specific quantitative parameters assumed in human body-composition models,
such as the average mineral content of the body. Nevertheless, various meth-
odological problems can be elucidated on the basis of animal data. But
more than method is involved. In the past, important compositional concepts
were defined, and valuable data were gathered by individuals concerned with
the growth and development of farm animals. Thus, Moulton 2° formulated
the concept of *“‘chemical maturity,” defined as a state in which the compo-
sition of the fat-free mass approximates constancy.

More specifically, while research with the traditional laboratory animals,
from mice to dogs, cannot be neglected, farm animals, especially the pig, are
of special interest in validating indirect methods in terms of criteria derived
from anatomical and chemical analyses of carcasses.

Second, even though much of the work on animal body composition has
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6 INTRODUCTION

been done to improve *“market quality,” new data of fundamental importance
to animal biology are gathered through the application of indirect methods in
animal research. Thus, in studying the relationships between performance and
body composition, Julian et al 2! found that the “hot-blooded,” lighter, and
faster breeds of horses not only have a much greater volume of red cells

(56.0 cm3/kg) than the Percherons (37.8 cm3/kg), but that they also have a
higher water content (63.8% compared with 55.2%) and a substantially lower
fat content (12.8% compared with 24.5%).

Finally, rearing animals on different “planes of nutrition” not only changes
their body composition but importantly affects their longevity. Experiments
carried on since 1917 on a variety of animal species indicate, with surprising
consistency, that a high plane of nutrition during early life is not compatible
with a long life-span.3* Three groups of cows fed 88%, 100%, and 115%, re-
spectively, of the Scandinavian standard allowances before the first calving and
the normal (100 percent) allowances after the first calving, had average life-
spans of 86.7, 80.1, and 67.2 months. Reid (reference 34, page 63) noted that
a lower plane of nutrition and the resulting retardation of early growth are as-
sociated with a prolongation of the life-span in protozoa, water flies, fruit flies,
silkworms, rats, mice, and cattle. In view of this overwhelming evidence, the
pride of mothers, pediatricians, and baby-food manufacturers in babies’ rapid
growth and plumpness may be unfounded. In fact, there are few problems in
human biology that call for attention more urgently than does the relation
between early growth rate and adult morbidity and longevity.

SOME MISSING LINKS

As we have seen, studies of the body composition of animals and of man have
vital points of contact, as well as concerns that are quite different.

In animal husbandry, economic considerations are primary, involving such
criteria as rapid growth, efficiency of converting feed to meat, and—at least in
some species—the desired body composition. In the proceedings of the recent
Symposium on Swine in Biomedical Research, Cox '* reminds those of us who
may be too far removed from the realities of the marketplace that the value
of the swine carcass depends on the relative proportions of fat and lean, with
premiums paid for lean animals.

This kind of consideration is almost totally absent in human biology. Of
course, twentieth century America also puts a premium on leanness in man
(and woman!), but for other reasons. The internists and the insurance actu-
aries are distressed by the tendency of the American male to continue to grow
around the middle long after he has stopped growing in height. Densitometry
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http://www.nap.edu/catalog.php?record_id=20255

Body Composition in Animals and-Manr—Proceedings of a Symposium Held May 4, 5, and 6: ]:967, at the University
http://www.nap.edu/catalog.php?record_id=20255

INTERACTION OF HUMAN AND ANIMAL RESEARCH 7

as well as other techniques for the study of body composition indicate that
what we put on, contrary to the wishful thinking of some, is not pure muscle.

Let us look at some data regarding age changes in body composition, ob-
tained at the Laboratory of Physiological Hygiene of the University of Minne-
sota. Table 1 gives mean values of body density for men and women of speci-
fied age.

Data on body density and the estimated fat content [F = (4.201/D) -
3.813, reference 22] were obtained for five male groups. Each of the age
groups represents a range of 2 to 6 years. The mean ages are 20, 25, 46, 50,
and 55 years. In men, in the age range from 20 to 55 years, body density de-
creased from 1.072 to 1.041, with the estimated fat percentage rising from
about 11% in the 20-year-old males to double this value (22%) at the age of
5S.

The average weight of each of the five age groups coincided exactly with
the standard weight (for age, sex, and height). The sample sizes ranged from
21 to 44 men per age group.

The data for women are more interesting, on several counts. The informa-
tion is more satisfactory than for the males in that the whole age range has
been covered, with no gaps. The subjects were grouped into three age cate-
gories (18-30, 31-45, and 46-67 years). The mean ages were 24, 39, and 56
years, respectively. The sample sizes ranged from 19 to 23 women per age
group. Body density was strikingly lower for women, throughout.

Let us consider a sample of young men and women who are very close in
age (25 years in men, 24 years in women). The average densities turn out to
be 1.040 in women and 1.063 in men. This sex differential was maintained
throughout the age range that we studied. In the three female groups, the
body density decreased with increasing age, from 1.040 to 1.027 and 1.016,
corresponding to the estimated fat content of 23, 28, and 32% of body
weight. '

The comparable data, then, are 14% for 25-year-old men versus 23% for
women of similar age; in the middle-age range, the 55-year-old men averaged
22% fat, while their female counterparts held on to the 10% edge, with fat
constituting some 32% of their body weight.

One additional comment, concerning the relative body weight (relative to
the height-age standard, that is), may be useful. The female subjects in our
sample tended to be somewhat below the standard weight; in other words,
they were lighter than the “norm.” Consequently, any sampling error in
reference to relative weight is on the conservative side. Truly ‘“‘standard”
bodies would be still fatter.

In regard to sampling bias, then, we can be satisfied. Furthermore, data
from other laboratories confirm both the age trends and the sex differences.
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INTERACTION OF HUMAN AND ANIMAL RESEARCH 9

This information has been brought together, and I shall not tax your patience
by a survey of the relevant literature. ! The available evidence leaves no
doubt about the trend in the adult American population toward lower density
with increasing age. Second, there is a substantial sex difference in body
density, upon which the age changes are superimposed.

We are on fairly safe ground when we interpret the significance of the de-
crease in density with age in both sexes principally in terms of body fat. We
are safe, that is, when we limit ourselves to qualitative statements.

There are several reasons why we are less safe when we try to convert body-
density values into total amount of fat in men and women differing in age.
For one, we still do not know how accurately our model of the “reference
man’’22 or the male “reference body” !! —concepts basic to all attempts at
converting body density into total body fat—applies to women.

We do know from the work of Trotter and her co-workers®3? that the
density of female bones tends to be lower than the density of male bones.
Consequently, the density of the fat-free mass in females is likely to be lower
than that in males. This would automatically make women appear somewhat
fatter than men when the same formula for converting density into fat content
is used for both sexes.

Similar complications are present when we wish to compare adult individu-
als differing in age: the density of bones (of cervical vertebrae and of femurs,
to be specific) decreases with age, both in men and women. To make things
still worse, the age decrement is more pronounced in women than in men.
Thus, other things remaining equal—which is hardly ever the case—the decrease
in bone density would be reflected in a decrease in total body density. This
would make densitometric estimates of the fat content of older individuals
(especially of older women) somewhat higher than would correspond to
reality. The precise amount of distortion is not yet known.

To some extent, human biologists can pull on their bootstraps and make
progress in the elucidation of age changes in body composition. Clearly, here
and elsewhere, a workable approach to a direct assessment of body fat, in vivo,
is the answer—an important part of the answer, anyhow. But there is much to
be said for a systematic study of the process of aging on a comparative basis,
using appropriate animal species.

Please note that I am concerned about the precision with which we can
convert body density into total body fat, not about the existence of age trends
and sex differences. The presence of such trends and differences in body
composition is attested to by several other approaches, including the *“hydro-
metric” analysis of body composition, based on determination of the water
content of the body.

For example, the data reported by Moore and his colleagues?® indicate
that the calculated body fat in the youngest group of their subjects (16-30
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10 INTRODUCTION

years of age) accounts for about 19% of body weight in the males and 30% in
the females. In the older subjects, it rises to an average value of 29% in the
males and 36% in the females.

Data on exchangeable potassium, also reported by Moore et al., 28 indicate
that 42K, expressed as milliequivalents per kilogram of body weight, is lower
in women than in men and decreases with age in both sexes. In males, the K,
value decreases from 48 to 45 to 37 mEq per kilogram of body weight; in fe-
males, the corresponding values are 38, 34, and 30 mEq. The data are inter-
preted by Moore and his co-workers as indicating that the “body cell mass”—
their central compositional, somatolytic concept—decreases with age and is
smaller in women. These trends are interpretable, at least in part, as the effect
of increased body fat.

The part of the potassium decrease that is really interesting, and that so
far has not been estimated with adequate precision, is the part that reflects an
absolute, not a relative, decrease of “body cell mass”—a decrease beyond the
effect of a larger fat content of the body. Moore views the *“body cell mass,”
estimated from #2K measurements, as the energy-exchanging body compart-
ment. This makes intelligible the colorful phrase with which he describes the
fundamental change in body composition with age: “It appears that during
aging the ‘engine shrinks within the chassis,” somewhat as it does in the
wasting of a disease process.” 28

As | pointed out, it is the absolute decrease with age and the absolute sex
difference, evaluated on a fat-free basis, that are of particular interest.

In terms of body composition, aging emerges as a dynamic process (or,
more correctly, as a complex of processes). These changes may be viewed as
a continuation of the changes taking place—at different rates, to be sure—from
conception through childhood to adolescence.

There are important unsolved problems when we consider human growth,
including the interpretation of the 4°K counts obtained in whole-body coun-
ters. In calculative fat-free weight, the critical item is the ratio of total K to
fat-free weight. The calculation is based on the assumption that potassium, in
milliequivalents, represents a constant fraction of the fat-free body weight:

total K

fat-free weight =<

In the formula proposed by Forbes et al.,'® the value of c is taken as 68.1.
The fat-free weight can then be calculated as

_ measured total K (mEq)
F-re = 68.1 :

Now, when we look at the data on the chemical composition of the human
body reported by Widdowson and Dickerson, 4! we find that their value of K
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is 69 mEq per kilogram of fat-free tissues. This value is for adult man and is
encouragingly close to the value used by Forbes et al. '8

So far, so good. However, when we look up Widdowson and Dickerson’s
figure for a full-term infant, we find that it contains not 69, as does the adult,
but 53 mEq of potassium per kilogram of fat-free tissues.

We know little about the “chemical maturation” of the fat-free mass in
man, considered with reference to this particular parameter of body com-
position. At present, and for a long time to come, we must look to the stu-
dents of animal biology to provide information regarding the rate at which
animal organisms increase the potassium content of their fat-free: mass from
birth to maturity.

Thus, one item on which additional information is needed—information
comparative in character and including primates—concerns developmental
changes in the potassium concentration of the fat-free mass.

ANIMAL VERSUS HUMAN RESEARCH

As compared with human studies, animal research on body composition has
several important advantages, including rigorous, systematic experimentation
and the possibility of checking the precision of indirect methods by direct
chemical analysis. Although both points are important, I wish to stress the
first one.

In this symposium, emphasis has been placed on the validation of indirect
methods for the study of body composition. The statement introducing the
program is quite specific:

The major objectives of this Conference are to analyze and communicate certain aspects
of the current knowledge of body composition, and methods of estimating composition

in the living animal. Special emphasis will be given to the validation of indirect methods
as based on direct chemical analysis of the whole body.

This continues to be a critical issue. Validation studies have been carried out
in the past, of course, but there is still work to be done.

In addition to the feasibility of chemical whole-body analysis, in animal
research there is also substantially greater freedom in the application of iso-
topes than in human studies (L. P. Novak, personal communication).

In animal biology the investigator may be concerned with a single species,
such as the pig, or with a variety of species. The comparative point of view is
likely to generate questions that are more general and theoretical in character,
and ones that bring out more clearly the implications for man.

So far, a genuinely comparative viewpoint has not been strongly represented
in research on body composition. Where research workers have been con-
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cerned with more than one species, their interests have been limited, typically,
to domesticated animals that are of prime economic importance—the pig, the
sheep, the cow. This means that the more basic, theoretical considerations of
body composition, approached on a broadly comparative basis, have not been
tackled. The importance of a genuinely comparative point of view can hardly
be overemphasized.

The relevance of the findings of animal research for man can be clarified by
(a) the use of primates or other experimental animals that, in a particular re-
spect, have proved serviceable as “models’ for extrapolating the findings to
man, or (b) the observations made in several species and examined with refer-
ence to the consistency of the observed phenomena. The neglect of research
on the body composition of primates has been especially regrettable from the
point of view of human biology.

Strictly paralle] human and animal studies of the compositional changes
during growth are needed. Such a comparative study of infant pigs and of
human infants has been initiated by Filer and Fomon'” at the University of
Iowa. The same indirect methods are being applied to both species. In the
pig, the indirect estimates of body composition are followed up by direct
analyses. This is a move in the right direction.

SUMMARY AND CONCLUSIONS

As we have noted, the relations between animal and human research on

body composition are complex. There is a total separation on some issues,
parallelism in regard to other points, and areas of genuine interaction where
the ideal of two-way traffic has been achieved.

In contrast to the primacy of economic considerations in animal hus-
bandry, the primary criteria in applied human biology are health (including
its psychological aspects), longevity, and performance capacity. These con-
siderations and parameters could be built into animal research on body
composition. In the past this has been done only to a very limited extent
or not at all.

There is one last but important point: A great deal of animal research
has been of the “applied” variety; yet applied research quickly gets out of
breath. If it is to retain viability, it must incorporate more basic considera-
tions. Fortunately, as Cox '3 has pointed out, the economic importance of
carcass composition is providing incentive for investigation of the genetic
and environmental factors involved in the differences in fat content, be-
tween breeds and within breeds. These are issues that have their analogues
and close parallels in human biology.
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SOME
PECULIARITIES
IN THE BODY
COMPOSITION
OF ANIMALS

Our initial interest in body composition arose mainly from its obvious value
as a criterion of animal response to environmental treatments, especially those
of a nutritional nature. In studies concerned with methods of estimating the
gross chemical composition of the living animal and with the application of
body-composition data, we have examined certain aspects of body composi-

tion in pigs, sheep, and cattle.

This report concerns the following subjects that reflect on the biological
nature of body composition: (a) comparison of the compositional peculiari-
ties of the porcine, ovine, and bovine species; (b) relationships between body
weight and weight of chemical components; and (c) the mass-related homeo-
static nature of the body composition of the ovine as influenced by frequency
of meals, age, and dietary energy input, and by prolonged submaintenance
energy intake followed by refeeding.

19
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SPECIES PECULIARITIES

PROCEDURE

The relationships among the concentrations of the gross chemical com-
ponents of the ingesta-free (empty) body; the fat-free, empty body; and the
fat-free, dry body of pigs, sheep, and cattle were examined in correlation and
regression analyses. For the same species, the heat-of-combustion values of
protein and fat were derived by partitioning mathematically the total energy
of the ash-free, dry body between protein and fat as described previously. 24

The data studied came from a great variety of sources. The data for pigs,
representing eight distinct breeds and one crossbred group and ranging in age
from 1 to 923 days, were reported by many investigators (see references 2, 3,
10-19, 26, 29, 30, 31). Of the 714 pigs involved, sex was identified for only
248 (153 male castrates and 95 intact females).

The data for cattle represented at least seven pure breeds and five cross-
bred combinations. Of the 256 animals, 139 had beef conformation and 117
were of dairy-body types. The age range was from 1 to 4,860 days. Sex was
designated for 249 animals (135 males and 114 females). The males were
castrates, except for the 1-day-old males, which were intact. A more detailed
description of the population and a summary of the original literature sources
are given in the report of Reid et al. ?*

The data for sheep are based on body-composition measurements made at
the Cornell University laboratory. Four distinct breeds and two crossbred
populations representing a considerable range in body conformation, maturing
rate, and mature size constituted the sheep studied. All animals were male
castrates ranging from 90 to 895 days of age and from 12 to 67 kg of ingesta-
free body weight.

The ranges in concentrations of the proximate chemical constituents of the
three species studied are summarized in Table 1.

TABLE 1 Range in Chemical Composition of Bodies of Pigs, Sheep, and

Cattle Studied
Range in Composition of Empty Body
(%)
Species Number in Group Water Fat Protein Ash
Pigs 714 30.7-80.8  1.1-61.5 8.3-19.6 1.3-5.6
Sheep 221 39.6-73.8  4.9-46.6 10.7-19.5  1.7-5.8
Cattle 256 39.8-77.6 1.8-44.6 12.4-20.6 3.0-6.1
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RESULTS AND DISCUSSION

Relationship between the Concentrations of Water and Fat

Table 2 summarizes the correlation coefficients, prediction equations, and
errors of estimate for the relationship between the concentrations of water
and fat in pigs, sheep, and cattle. Although the correlation coefficients are
speciously high, the range of data for each species is great (Table 1). Never-
theless, the sign of the coefficients shows that as the percentage of fat in-
creases, the percentage of water decreases, and the squares of the coefficients
indicate that 97.4 to 98.2% of the variation in fat concentration is associated
with the variation in water concentration. As indicated by the regression co-
efficients, the rate of change in fat concentration per unit change in water
percentage is greater in sheep (-1.3068) than in pigs (-1.1095) or cattle
(-1.1182).

The relationships between the concentrations of water and fat were not
different for females and castrate males (pigs and cattle) or for the various
breeds within species (pigs, sheep, and cattle).

Composition of Fat-Free, Empty Body

As summarized in Table 3, the composition of the fat-free body varies both
among and within species. For example, the concentration of protein was a
little higher in the fat-free body of the ruminants than in that of the pig. Also,
the coefficients of variation in the protein concentration of the fat-free body
were 12.2% in pigs, 4.1% in sheep, and 7.1% in cattle.

Fat-free composition of the body was associated with body weight, age,
and the weight of body fat, all of which were positively correlated with one
another. With increasing body weight, age, and weight of fat, the percentages
of water declined, and those of protein and mineral matter increased. How-
ever, the fat-free composition of castrate males was not different from that of
intact females.

Composition of Fat-Free, Dry Body

Table 4 shows the mean composition of the fat-free, dry body. Reduction of
the body to this two-component system minimized the coefficients of varia-
tion in the concentrations of protein and ash. For example, those for protein
became 2.8% in pigs, 3.0% in sheep, and 2.1% in cattle, percentages that are
considerably smaller than the corresponding coefficients of variation in pro-
tein concentration on the fat-free basis. Again, no differences associated with
sex were observed.
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TABLE 3 Composition of the Fat-Free, Empty Body of Three Animal Species

Water” Protein” Ash’
Species Number in Group (%) (%) (%)
Pigs 714 76.98 + 2.69 19.18 * 2.34 391 % 0.79
Sheep" 221 74.89 * 1.02 20.35 * 0.84 4.76 * 0.67
Cattle 256 7291 * 2.01 21.64 * 1.53 5.34 * 0.95

aValues are means } standard deviations.
bData for sheep on wool-free basis.

TABLE 4 Mean Composition of Fat-Free, Dry Body of Three Animal Species

Protein” Ash’®
Species Number in Group (%) (%)
Pigs 714 83.42 + 2.33 17.01 * 1.69
Sheep® 221 81.09 * 2.40 18.91 * 2.39
Cattle 256 80.26 * 1.69 19.74 * 1.69

%y alues are means * standard deviations.
bData for sheep on wool-free basis.

These observations, in combination with the respective species relationships
between the concentrations of water and fat, make it possible to resolve body
composition from either water or fat according to a schema proposed pre-
viously.2%25

Relationship of Sex and Dietary Treatments to Body Composition

In the considerations of the relationships between the percentages of chemical
components, no evidence of differences attributable to sex or dietary treat-
ment was detected. Also, by employing another approach we have failed to
find unequivocal verification of the viewpoint often expressed that the female
is fatter than the male. (It should be borne in mind that our males were cas-
trates.) For example, in log weight of body fat-log of body weight transfor-
mations, female pigs contained more fat than male castrates of the same body
weight from birth to the time they reached a body weight of 70 kg, at which
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point pigs of the two sexes had the same weight of fat. Above a body weight
of 70 kg, castrate males were fatter than females. Thus, the rate of increase in
body fat was greater in the castrate male than in the female.

Despite a considerable range in dietary treatments imposed on the animals
of all three species populations, the relationships between the concentrations
of water and fat and the proportions of the fat-free, dry body consisting of
protein and ash comprised one population within which the variation was
relatively small for a given species. Insheep, the dietary treatments consisted
of energy inputs ranging from starvation to ad libitum intakes, diets of vari-
ous physical forms and chemical composition, and different meal frequencies.
However, the interrelationships among the concentrations of the gross chemi-
cal components retained the same rigid patterns described above. (As will be
discussed later, the weight of body components relative to body weight was
markedly disturbed in sheep by submaintenance energy intakes followed by
ad libitum feeding; whereas, even on the “weight” basis, the body composi-
tion of sheep maintained in continuous, positive energy balance was rigidly
associated with body size.)

Energy Value of Body Protein and Fat in Three Animal Species

Since the German studies of the late nineteenth century, the calorific values
of protein and fat most commonly employed have been 5.65, 5.70 and

9.5 kcal/g, respectively, for pigs, sheep, and cattle. For the most part, these
values were based on the analysis of isolated muscle proteins of various states
of purity and of extracted tissue lipids. Thus, the heat-of-combustion values
have uncertain value for application to the conglomerate proteins and fats
representing the total body.

In the present studies, the energy values were determined by partitioning
the total energy between protein and fat in the ash-free, dry body, on the
assumption that the amount of carbohydrate in the body is negligible. The
values so derived are summarized in Table 5. These values for sheep and
cattle agree well with those recently reported elsewhere.8:20-24

The heat of combustion of protein for all three species is markedly lower
than the factor (5.65 kcal/g) commonly employed. Although the values for
fat resemble the commonly used factor (9.5 kcal/g), those for the two rumi-
nant species are somewhat lower than that for pigs. As the result of a detailed
partitioning of the fatty acids of mixed lipids representing those of the total
body, #5+¢ we have observed that the average fatty-acid chain in body fat con-
tains 17.5 C atoms in the pig and 17.2 C atoms in the sheep and that the fatty
acids of the sheep with which we worked had only slightly more hydrogen
than did the fatty acids of the pigs. Although other conditions, such as the
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TABLE 5 Heat-of-Combustion Values of Protein and Fat in Bodies in Three

Animal Species
Protein” Fat’
Species Number in Group (kcal/g) (kcal/g)
Pigs 172 5.348 9.608
Sheep® 221 5.411 9.414
Cattle 12 5.447 9.499

‘;Bued on the partition of energy between protein and fat in the ash-free, dry body.
Data for sheep on wool-free basis.

supporting structures for the fatty acids in the lipids, the geometry of mole-
cules, and the lengths and angles of the chemical bonds, could be different
and this could account for the difference in the heat-of-combustion value be-
tween the two species, the average difference of 0.3 C atom between the fatty
acids of sheep and pigs could account for approximately 0.15 kcal/g of fat.

RELATIONSHIPS BETWEEN BODY WEIGHT AND THE
WEIGHT OF CHEMICAL COMPONENTS

It is axiomatic that the weight of the chemical components of the body
of the growing animal increases as the body weight increases. In previous
studies 7*2® of body composition of the sheep, the weights of the chemical
components were related to body weight in a predictable manner. Asa con-
sequence, it was proposed that a criterion of the adequacy of an indirect
method for estimating body composition be whether the indirect method
provides a more accurate estimate than does body weight alone.

During our previous studies with the sheep, it became clear that the
weights of the proximal chemical components of the body increased recti-
linearly with increasing body weight until the fat concentration of the body
reached approximately 31%. Beginning with this concentration of fat, the
weight of fat and the amount of body energy increase at an increasing rate as
the body weight increases, and the weight of water and protein increase at a
decreasing rate. Thus, the relationships between the chemical components
and body weight of sheep are curvilinear at concentrations of body fat ex-
ceeding 31%. This observation is reminiscent of the findings of Pitts?3 that
the proportion of lipocytes available to the fat-free body of guinea pigs in-
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creases markedly, beginning at a level of approximately 25% of fat. He indi-
cated that accretion of fat in the guinea pig is accomplished mainly by the
saturation of existing adipose tissue but, in addition, by the engorgement of
the new fat cells that appeared in very fat animals. The marked increase in
fat per unit increase in body weight observed in the present studies suggests
that sheep become compositionally mature when their body fat concentra-
tions reach 31%, for at higher levels the chemical composition becomes less
predictable from a common linear function.

The following section of this paper is concerned with relationships be-
tween body weight and the weights of chemical components and amount of
energy in the bodies of sheep and with differences observed among certain
breed populations. Also, the composition of pigs of one breed, but of three
distinctly different body types, is examined.

PROCEDURE

The sheep employed in these studies consisted of 39 Rambouillet x Columbia
crossbreds, 27 Hampshire x Suffolk x Shropshire crossbreds, 53 Suffolks, 54
Hampshires, 22 Corriedales, and 26 Shropshires. Within each breed popula-
tion, body composition was determined over a wide range of body sizes.
Various functional relationships were fitted between the weights of chemical
components (as predictands) and the ingesta-free body weight (as the predic-
tor). Among the models examined were Y = a + bX; Y = aX®; and Y =
a+ bX +clogX.

RESULTS AND DISCUSSION

Relationship between the Chemical Composition and Body Weight of Sheep

For the purposes of this study, the data were segregated into groups repre-
senting the individual breed populations; all animals, irrespective of fat con-
centration; and the animals containing less than 31% of fat. The data were
fitted to the model, Y = a + bX; where Y = weight (kg) of chemical compo-
nent or body energy (Mcal) and X = body weight (kg).

Table 6 shows certain statistical values concerned with the relationships
between the chemical components and body weight in the total population
(221) of sheep with no restriction on body-fat concentration. The same
values derived from data representing 192 sheep containing less than 31% of
fat are summarized in Table 7. A comparison of the data in the two tables
reveals the decided influence of the 29 sheep that contained more than 31%
of fat. The rate of increase in fat content and energy value per unit increase
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TABLE 6 Relationship between Weights of Chemical Components and the
Body Weight of All Sheep Studied, Irrespective of Fat

Concentration or Breed
Coefficient
Correlation 2 of Variation
Component  Prediction Equation® Coefficient R (%)
Water Y = 0.4067X + 5.313 0.963 0.927 7.69
Fat Y = 0.4537X - 7.003 0.945 0.893 25.34
Protein Y = 0.1190X + 1.199 0.961 0.924 8.46
Energy Y = 4.9235X - 59.6920 0.967 0.935 16.29

iy = body component (kg) or energy (Mcal), and X = ingesta-free body weight (kg).
BCoefficient of variation (%) = (Sy. x/Y) x 100.

TABLE 7 Relationship between Weight of Chemical Components and the
Body Weight of Sheep Containing Less Than 31% of Fat

Coefficient
Correlation 2 of Variation
Component  Prediction Equation” Coefficient R (%)
Water Y = 0.4776X + 3.511 0.982 0.964 5.23
Fat Y = 0.3570X - 4.559 0.943 0.889 21.31
Protein Y = 0.1386X + 0.705 0.979 0.958 6.06
Energy Y = 4.1146X - 39.2214 0.968 0.937 13.02

Iy = body component (kg) or energy (Mcal), and X = ingesta-free body weight (kg).
BCoefficient of variation (%) = (Sy.x/Y) x 100.

in body weight was markedly greater for all animals (including the 29 very fat
sheep) than for the restricted population containing less than 31% of fat. The
rate of change in water and protein contents reflects that of fat. Despite the

greater range of variables for the total population (221 sheep), the correlation
coefficients between the chemical components and body weight are about the
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same (fat and energy) or a little lower (water and protein) than those for the
sheep containing less than 31% of fat.

The most marked difference between the data for the two populations was
the size of the standard errors of estimate of body components. As a conse-
quence, the coefficients of variation between the measured and predicted
chemical components were 16 to 32% lower for the restricted population
(i.e., less than 31% of fat) than for the total population. These data reflect
the great contribution to variation provided by the data for the very fat (31
to 47%) sheep. Obviously, the relationship between accretion of the chemi-
cal components and body weight is of a different function above a concen-
tration of 31% of fat than it is below. Thus, the data were examined by fitting
curvilinear models (see Table 8).

TABLE 8 Relationship between Logarithms of Weights of Components and
the Logarithm of Body Weight of All Sheep Studied, Irrespective

of Fat Concentration or Breed
Coefficient
Correlation 2 of Variation
Component  Prediction Equation” Coefficient R (%)
Water Y = 0.73976X + 0.15466 0.975 0.951 2.22
Fat Y = 1.98776X - 2.18382 0.936 0.876 16.14
Protein Y = 0.80148X - 0.50283 0.974 0.949 4.55
Energy Y = 1.58987X - 0.43499 0.970 0.941 3.45

%y = logarithm of body components (kg) or energy (Mcal) and X = logarithm of
ingesta-free body weight (kg).

bCoefﬁcient of variation (%) = (Sy . x! 17) x 100.

In the treatment just described, breed of sheep was ignored, although dis-
tinct breed peculiarities were observed and are dealt with later in this report.
However, the use of such prediction equations as those for sheep containing
less than 31% of fat (Table 7) would refine many nutritional investigations in
which growing sheep are employed. Usually sheep do not exceed 31% of fat
until they have surpassed the conventional market size and condition.

Since in practice body weight is usually measured as either full-body
weight or body weight measured after some degree of shrinkage, and since the
prediction equations mentioned above employ the ingesta-free body weight,
some means of transforming the measured body weight to the empty-body
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weight is required. In the present studies, the following general equation was
derived for estimating empty-body weight (EBW) from body weight measured
after an 18- to 20-hr fast during which water was provided [this weight was
designated shrunk-body weight (SBW)]: EBW (kg) = 0.9227 SBWkg -2.199.
For this relationship, the R? value was 0.986, the S, .x value was 1.53 kg, and
the coefficient of variation between the estimated and measured EBW was
only 4.7%. This general relationship ignores breeds and nutritional treatment.
(Bensadoun et al. deal with some of the effects of dietary treatments on the
amounts of gastrointestinal ingesta in a later paper in these proceedings; see
page 452.)

Relationships between the Logarithms of the Chemical Components
and the Logarithm of Body Weight

The data representing all animals (disregarding fat concentration) were fitted
to the model, Y = aX®; where Y = body component (kg) or body energy
(Mcal) and X = empty-body weight (kg). Although the data were segregated
by individual breeds also, only the data derived from the study of the total
(221) population are summarized in Table 8. The functional relationships
between the chemical components and the empty-body weight are described
in Table 8 aslog Y = log a + b log X, with certain related statistical values.
As indicated by the R? values, from 88% (fat) to 94 or 95% (water, pro-
tein, and energy) of the variability in body components and energy is as-
cribable to variation in body weight (Table 8). However, for the total popu-
lation of data, the coefficients of variation between the amounts of the
measured body components and those predicted from the fitted function
(i.e., from body weight) ranged from 21 to 64% of the size of the corre-
sponding coefficients (Table 6) for the linear function (viz., Y = a + bX).
In other words, the log-log transformations reduced the coefficients of vari-
ation of the corresponding linear functions by the following degrees: water,
71.1%; fat, 36.3%; protein, 46.2%; and energy, 78.8%.

Breed Peculiarities in the Body Composition of Sheep

On the basis of the log-component-log-body-weight equations derived from
the individual breed populations, the weights of body components and the
energy values of animals of five different body weights were computed.
These data are shown in Table 9. Because of the undesirably large standard
error of estimate of body fat, the amounts of body fat were computed from
the water contents; prediction equations employed for the individual breeds
corresponded with the prediction equation shown in Table 2 for all sheep.
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TABLE 9 Among-Breed Peculiarities in Body Composition and Energy of

Sheep (Wethers)
Body Components at Empty-Body
Woeight
Breed 20 kg 30 kg 40 kg 50 kg 60 kg
Water (kg)
Rambouillet x Columbia 14.2 18.3 22.0 25.3 28.4
Hampshire x Suffolk x Shropshire 12.9 17.7 22.1 26.2 30.2
Suffolk 13.5 18.4 23.0 274 31.5
Hampshire 13.4 18.0 22.1 26.0 29.6
Corriedale 124 16.6 20.4 24.0 27.4
Shropshire 124 16.7 20.6 24.2 21.7
Fat (kg)
Rambouillet x Columbia 0.9 5.4 104 15.9 21.8
Hampshire x Suffolk x Shropshire 2.9 6.7 10.8 15.2 19.9
Suffolk 2.0 5.3 9.1 13.2 17.7
Hampshire 2.1 5.9 10.3 15.1 20.2
Corriedale 34 8.0 13.1 184 24.0
Shropshire 3.5 7.8 12.5 17.7 23.1
Protein (kg)
Rambouillet x Columbia 3.8 5.0 6.1 7.2 8.1
Hampshire x Suffolk x Shropshire 3.3 4.6 59 7.1 8.2
Suffolk 3.6 5.1 6.4 1.7 8.9
Hampshire 3.5 4.9 6.1 7.3 8.5
Corriedale 3.5 4.6 54 6.2 7.0
Shropshire 3.3 4.5 5.6 6.8 7.8
Energy (Mcal)
Rambouillet x Columbia 39.7 78.2 126.4 183.5 248.9
Hampshire x Suffolk x Shropshire 44.7 84.0 131.3 185.7 246.5
Suffolk 38.7 74.5 118.5 169.9 228.0
Hampshire 39.6 78.4 127.2 185.1 251.6
Corriedale 51.2 96.5 151.3 214.3 285.0
Shropshire 48.9 93.6 148.5 212.2 284.2

Among the breeds studied, the Suffolks had the highest water and protein
contents and the lowest fat contents, especially at body weights greater than
30 kg. On the other hand, Corriedales and Shropshires had considerably less
water and protein and more fat and energy than the other breeds studied, and
these differences became more pronounced as body weight increased.
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Relationship between the Body Composition and Body Weight of Pigs

Although a detailed study of the relationship between body composition
and body weight of pigs will be reported elsewhere, an aspect of the problem
concerned with body type, back-fat thickness, and the location of body fat is
considered here. The data reported by Mitchell and Hamilton'$ are employed
for this purpose. These data are unique in that they represent Poland China
pigs of three distinctly different body types, designated as chuffy, interme-
diate, and rangy. In 1929, Mitchell and Hamilton concluded:

The carcass analyses revealed only inappreciable differences between types in spite of
large differences in their market finish. The dressed carcasses of pigs of distinctly dif-
ferent type slaughtered at the same weight, although differing distinctly in market finish,
analyzed very nearly the same. Apparently these carcasses differed in the distribution of
fat but not in the content of fat.16

Although the data of Mitchell and Hamilton '® represent pigs weighing
from 40 to 272 1b (from 18 to 123 kg) on the empty-body basis and, there-
fore, pigs having a great range in composition, the present study of their data
includes only the body composition of pigs ranging in empty-body weight
from 90 to 100 kg. By means of covariance analysis, the weights of the
chemical components in these pigs were adjusted to a common empty-body
weight of 100 kg. The data are summarized in Table 10.

TABLE 10 Body Components of Poland China Pigs of Three Body Types®

Body Number of Water Fat Protein Ash
Type Pigs (kg) (kg) (kg) (kg)
Chuffy 15 45.2 40.9 12.9 23
Intermediate 26 44.8 41.5 12.4 2.2
Rangy 20 47.1 38.1 13.1 24

‘Weight of body components adjusted by covariance analysis to an empty-body weight
of 100 kg.

Differences in the weights of components among the three body types are
very small. For example, as compared with the fat concentration of the rangy
type (38.1% of empty body), the fat concentrations were only 2.8 and 3.4%
greater in the chuffy and intermediate types, respectively. Because of the
apparent difference between body types in the distribution of body fat, these
data suggest that if the fat is not on the back or with the viscera, it must be
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distributed in other parts such as the muscles, for the total amount of fat
seems fairly rigidly associated with body size. This observation suggests the
possibility that in breeding the “meat-type” hog, the back-fat thickness might
have been reduced at the expense of increasing the intermuscular or intra-
muscular fat. Although it does appear that the size of the loin eye and other
muscles have been improved by genetic méthods, the practical situation might
be that some of the fat located on the back or with the viscera in lard-type
pigs may have become located in the improved pig in sites where the meat
processor cannot readily cut it off. (On the other hand, at least the German
Landrace breed of pigs appears to have less fat at 100 kg of body weight than
did the Poland China pigs of any of the body types studied by Mitchell and
Hamilton.)

MASS-RELATED HOMEOSTASIS OF BODY COMPOSITION
IN SHEEP

During the past 9 years, we have investigated the effects of a variety of dietary
treatments on the body composition and energetic efficiency of sheep. These
treatments consisted of various energy and protein inputs, proportions of con-
centrates and forages in the diet, chemical compositions, physical forms, spe-
cific metabolites, and frequencies of meals. Despite marked differences in
energetic efficiency between certain treatments, body composition and energy
of sheep were found not to vary in a manner independent of the variability in
body mass when the animals have at least maintained body-energy equilibrium.

In this report, the effects of frequency of meals, age-level of energy input,
and prolonged ingestion of a submaintenance diet are considered in relation to
the association of body composition with body weight.

Frequency of Meals

The response of rats was compared with that of sheep to diets provided in
isocaloric amounts but at different meal frequencies. In rats, one member
of a pair was fed ad libitum, and the other was provided the same amount
of feed via stomach tube in two meals during the subsequent 24-hr period.
The data obtained with three pairs of rats at the end of a 14-day feeding
period (Table 11) are exemplary of those obtained in five other experiments
involving 140 rats.

In an experiment with Suffolk sheep, two dietary treatments were im-
posed continuously during a 78- or 134-day period: eight meals per day
and one meal per day. Both members of a pair ingested the same amount
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of feed per unit of metabolic size per day. Four animals composed each
treatment group; the feeding period was 78 days for two animals and 134
days for the other two animals. The gain in body weight and body compo-
sition are summarized in Table 12. (Similar data were obtained at the same
time with a population of Corriedale sheep, but are not reported here.)

In the rat, meal frequency had a marked effect on body composition, but
no effect on body-weight gain (Table 11). Also, rats ingesting the daily allow-
ance in two meals utilized a much higher proportion of the dietary energy for
fattening than did those allowed to nibble.

In sheep, body composition was not altered by meal frequency indepen-
dently of the change in body weight. Frequent meals (eight meals per day) re-
sulted in greater storage of energy and higher energetic efficiency of fattening
than did one meal per day, but these effects were associated with an increase
in body mass and its concomitant small increase in fat concentration. This
relatively rigid association of body composition with body mass in sheep is
distinctly different from the more plastic association that we and others®
have observed in the rat.

Combined Effects of Age and Energy Input on the Relationship
between Body Composition and Body Weight

An experiment was conducted with 26 sheep to partition the degree to which
body composition is associated with age and body size. Seven of the animals
were killed at the beginning of the experiment to establish the initial compo-
sition of the 19 sheep that were exposed to the experimental treatments. The
sheep were divided into trios, each member of which was the same in initial
body weight and age. The one odd sheep was exposed to one of the treat-
ments (high energy input) and killed at a predetermined size. The beginning
empty-body weights of the individual members of a trio ranged from 12 to
20 kg.

One member of each trio was provided a high level of feed (ca. 97 g of dry
matter per kg of metabolic body weight per day) and was allowed to grow
until he reached a predetermined body weight, at which time he was killed
and analyzed. The two remaining members of the trio were fed a low level of
feed (ca. 63 g of dry matter per kg of metabolic body weight per day). One
member receiving the low level of feed was killed the same day (and hence at
the same age) that his high-level mate was slaughtered. The other animal on
the low level was continued until he reached the same body weight as that at
which his high-level mate was slaughtered. Thus, relative to the age and size
of the high-level member of a trio, one low-level animal was the same in age
but considerably lower in body weight, and the other low-level animal was the
same in body weight but was considerably older.
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As an example of the data obtained, those for three trios are shown in
Table 13. The body composition of animals of similar weight was approxi-
mately the same. As indicated by the data for the third trio (animals 7, 8,
and 9), sheep as different in age as 374 and 613 days, but of about the same
body weight, had very similar body composition.

A comparison was made of the standard partial regression coefficients for
the individual chemical components (kilograms) on the empty-body weight
(kilograms) with those computed for the regression of chemical components
(kilograms) on age (days). Although this comparison revealed that the coeffi-
cients for empty-body weight were 7 to 10 times as large as those for age,
normally, empty-body weight and age are correlated with each other and, in
this study, the treatments that were imposed manipulated body size and age.
As a consequence, R? values were computed and are summarized in Table 14.
These values also indicate that empty-body weight is associated with a con-
siderably greater proportion of the variability in body constituents than is age
and that the addition of age to empty-body weight accounts for only 0.3 to
0.5% more of the variability than does body weight alone.

Observations in the present experiment agree with the conclusions of
Tulloh,?? who examined the body-composition data for pigs, cattle, and
sheep that had been published by a number of investigators. Tulloh’s study
of the data of Palsson and Verges?!:32 revealed that the weights of muscle
and fat dissected from various body parts of sheep were poorly related to age
and nutritional history, but were strongly related to empty-body weight.
(These data did not include sheep that had experienced a prolonged period of
body-weight loss or that were older than 11 months.) In his study of data for
sheep, cattle, and pigs, Tulloh 27 observed that the following ranges of the
variance in the logarithms of the weights of bone (from 93.3 to 98.6%),
muscle (from 98.0 to 98.7%), and fat (from 88.3 to 97.1%) were associated
with the variability in the logarithm of the empty-body weight.

The Effect of Submaintenance Energy Intake on the Body Composition
of Sheep

The effect of prolonged fasting followed by refeeding was investigated in an
experiment consisting of two major treatments, designated as the control and
partial fasting-refeeding. The control treatment consisted of feeding 12 sheep
ad libitum (ca. 100 g of diet per kg of metabolic body weight per day). This
level of dietary energy produced a continuously increasing, positive body-
energy balance and resulted in an average body-weight gain of 0.36 Ib per day
during the first 28 days. At the end of the first 28-day period, five of the
sheep were killed and analyzed. The remaining seven were continued for an
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TABLE 14 Squares of Correlation Coefficients between Body Components
and Age, Empty-Body Weight, and Age plus Empty-Body Weight

Body Age Plus
Components Age EBW EBW
Water 0.582 0.970 0.973
Fat 0.711 0.961 0.967
Protein 0.590 0.970 0.973
Energy 0.702 0.975 0.978

additional 30 days, during which the average body-weight gain was 0.34 1b
per day. At the end of the 30-day period, these seven sheep were also killed
and analyzed.

In the partial fasting-refeeding treatment, 12 similar sheep were fed a sub-
maintenance diet for 26 days, during which the average body-weight loss was
0.44 1b per day. At the end of the 26-day period, five of the sheep were killed
and analyzed. The remaining seven were then abruptly changed to an ad libi-
tum feeding regime on which they remained for 52 days, during which the
average rate of body-weight gain was 0.57 1b per day. (For the combined
fasting-refeeding period of 78 days, the average body-weight gain was 0.23 Ib
per day.) At the end of the 52-day refeeding period, these seven sheep were
also killed and analyzed.

The chemical components and energy value of the body were studied in
relation to body weight. Partial fasting followed by refeeding resulted in a
little more protein, considerably more water, but much less fat and energy at
a given body weight than did an energy intake that produced a steady, positive
body-energy gain. However, the relationships between the percentages of
water and fat and the proportions of the fat-free, dry body consisting of pro-
tein were not different for the two populations of sheep.

As an example of the degree of difference between the two treatments, the
relationship between body energy and empty-body weight is shown in Figure 1.
The highest seven points for each treatment are directly comparable; these
points represent the seven sheep that were kept in continuous, positive energy
balance (C) for 58 days and the seven that were partially fasted for 26 days
and then refed for 52 days (F). The other points associated with line C
represent the five control animals killed after 28 days of feeding and the six
animals killed at the beginning of the experiment to establish the initial com-
position of the animals exposed to the treatments. The five lowest points as-
sociated with line F represent the sheep killed after 26 days of partial fasting.
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FIGURE 1 Relationships between body energy and empty-body weight of sheep
maintained in positive energy balance (C) and of those fasted and refed (F).

The results of this experiment confirm one that is often reported: that the
ingestion of a higher level of energy after a period of submaintenance feeding
is accompanied by ‘“‘compensatory” growth. During the 16-day refeeding
period immediately following the partial-fasting period, the animals of the
fasted-refed group gained 0.67 Ib of body weight per day; for the last 14 days
of the same period, the controls gained 0.35 Ib per day, on the average.
During the remainder of the experimental period, the fasted-refed animals
(36 days) gained 0.53 Ib of body weight per day, and the control animals (16
days) gained 0.33 1b per day.

Despite the high rate of body-weight gain during the last 36 days of the
refeeding period, the body-fat gain by the fasted-refed sheep was only 3.56 g
per kg of metabolic body weight per day, which is considerably lower than
that (6.67 g) by the control animals during their last 16 days. These gains in
body fat contrast with gains of 9.38 g for the fasted-refed animals during the
first 16 days of the refeeding period and 5.89 g for the control animals during
the last 14 days of the same period. On the other hand, the rate of protein
accretion was a little greater for the fasted-refed group than for the control
animals throughout the refeeding phase of the experiment.

The efficiency with which the metabolizable energy ingested above the
maintenance requirement was utilized to form new body tissue was deter-

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=20255

Body Composition in Animals and Man: Proceedings of a Symposium Held May 4, 5, and 6, 1967, at the University
http://www.nap.edu/catalog.php?record_id=20255

40 BIOLOGY

mined. (The maintenance requirement for metabolizable energy was deter-
mined in a separate experiment involving the measurement of energy storage
in response to graduated inputs of the same diet.) For the 58-day period
during which the control treatment was imposed, the mean efficiency was
46%. The efficiency with which the fasted-refed animals stored body energy
was only 28% over that of the 78-day period. However, during the first 16
days of the refeeding period, the rate of energy conversion was 71%; during
the last 14 days of the same period, the conversion rate for the control ani-
mals was 40%. During the last 36 days of the refeeding period, the efficiency
of conversion was only 29% for the fasted-refed sheep, and during the last 16
days, the mean efficiency with which metabolizable energy was stored by
control animals was 46%.

We do not yet have an explanation either for the exceedingly high energetic
efficiency of body gain during the early part of the refeeding period or for the
markedly diminished efficiency during the latter part, compared with the uni-
form, but intermediate, energetic efficiency of animals ingesting a level of
energy that results in a continuous, increasingly positive body-energy balance.
The recent studies of Anderson and Hollifield! suggest a possible explanation
for the high energetic efficiency we observed during the early part of the re-
feeding period in animals previously ingesting the submaintenance diet. Those
workers observed that the activities of glucose-6-phosphate dehydrogenase and
6-phosphogluconic dehydrogenase of rat adipose tissue decline during starva-
tion and increase upon refeeding. Whether the reduced lipogenesis we observed
during the latter part of the refeeding period is the result of atrophy of the
hexosemonophosphate shunt enzymes is not known.

Significance of Prolonged Starvation to Relanonshtp between
Body Composition and Body Weight

Of a considerable number of dietary treatments we have imposed on sheep,
the prolonged fasting-refeeding treatment was the only one found to disturb
the mass-related homeostatic nature of body composition. All other treat-
ments, irrespective of their drasticity, have maintained animals in at least a
continuous, positive body-energy balance. Thus, equations for predicting the
weight of chemical components from body weight derived from data repre-
senting sheep maintained in positive energy balance are not applicable to
animals that have been fasted for an extended period and refed.

Despite the failure of such prediction equations when applied in the ex-
periment cited above, body water in the same animals was estimated with a
high degree of accuracy by means of the tritium-dilution method. The re-
lationship between the total body water (water of body proper plus water of
ingesta) determined by desiccation (Y) and the tritium space (X) was found
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to be expressed by the equation: Y = 0.955X + 0.415. The coefficient of
variation between the measured and estimated water contents was 2.1%, and
the mean overestimation was equivalent to 2.6% of the measured water
volume.

CONCLUSIONS

Certain interrelationships among the concentrations of the gross chemical
constituents of the ingesta-free body of the porcine, ovine, and bovine have
been quantified. The data examined within species represented a variety of
breeds, body conformations, ages, sizes, nutritional histories, and sexes
(though the animals were mainly intact females and male castrates). Despite
the heterogeneous nature of the data, many of the relationships recorded have
very small coefficients of variation. Thus, some of the relationships among
the concentrations of body constituents are quite constant within species. As
a consequence, the relationships derived have great utility in the resolution of
the total composition and energy value of the body in experiments in which
the concentration of either body water or fat can be estimated accurately.

Several differences in composition were detected among the three species.
For example, the rate of change in fat concentration per unit change in the
percentage of water is greater in sheep than in pigs or cattle. The fat-free body
of pigs contains more water and less protein than does that of cattle; that of
sheep contains intermediate concentrations. However, on the fat-free, dry
basis the percentage of protein is highest in pigs, intermediate in sheep, and
lowest in cattle.

The heat-of-combustion value of protein was lower and that of fat was
higher in pigs than in the two ruminants. In animals of all three species, the
heat-of-combustion values (5.35 to 5.45 kcal/g) of protein were considerably
lower than the value (5.7 kcal/g) commonly applied.

In studies of 221 sheep representing six breed populations, the variation in
the weights of the chemical components of the body was rigidly associated
with the variation in the empty (and shrunk) body weight. The body com-
ponents and energy increased rectilinearly with body weight until the concen-
tration of fat in the body reached approximately 31%, irrespective of body
size or age. At higher concentrations of body fat, the increases in the weights
of chemical components and in the amount of energy were curvilinear func-
tions of body weight. For the total population (221) of sheep representing a
range in fat concentration of 4.9 to 46.6%, fitting the data to a double loga-
rithmic model (viz., log weight of component = a + b log body weight) re-
vealed the following coefficients of variation between the measured and esti-
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mated (from regression) Y values: water, 2.2%; protein, 4.5%; and energy,
3.4%. The higher coefficient of variation (16.1%) for fat is unexplained.

A variety of dietary treatments and differences in age failed to influence
the body composition of the sheep independently of their effects upon body
mass when a continuously positive body-energy balance was maintained. Of
all the treatments we imposed, only prolonged submaintenance feeding fol-
lowed by refeeding deranged the relationship between the weight of body
components and body weight that we have observed in sheep kept in con-
tinuously positive energy balance. The rigidity of this relationship is distinctly
greater in sheep than in rats. Although body weight was not affected, body
composition of the rat was markedly pliant to meal frequency; similar treat-
ments imposed on sheep did not affect body composition independently of
the changes in body mass.

In general, the differences in body composition among breeds of sheep
were small. However, a few are striking. Suffolks contained more water and
protein and less fat and energy than any of the other breeds studied. On the
other hand, Corriedales and Shropshires had less water and protein and more
fat and energy than the other breeds.

The data obtained in the present studies, together with those of others,
represent a considerable body of evidence that indicates that in the major
domestic animals used for meat production, the weights of the chemical com-
ponents of the body are strongly associated with body weight when healthy
animals are kept in a continuously positive energy balance. For the most part,
such animals are slaughtered prior to attaining mature size. However, the data
recorded in this report for sheep include animals as old as 895 days (with
empty-body weight as high as 150 Ib) and, therefore, animals that were ap-
proaching maturity.

Although there is reluctance in some quarters to accept the viewpoint that
a rigidly high degree of relationship exists between the weights of body com-
ponents and body weight, the evidence is overwhelming when the conditions
are as described here. Thus, it is suggested that body composition predicted
from body weight can serve as a reference to which body composition esti-
mated by indirect methods can be compared in order to determine the degree
of adequacy of those methods. In addition, such relationships represent a re-
finement in certain kinds of experiments, particularly when growing animals
are employed and a continuously positive body-energy balance is maintained.

Of a variety of indirect methods we have examined, only that based on
tritium dilution has been consistently superior to body weight as a predictor.
But, in ruminants, the use of the tritium-dilution method requires some means
of correcting for the amount of water in the gastrointestinal tract with which
tritium equilibrates. The coefficient of variation between the measured (by
desiccation) total water content of the body and that estimated from tritium
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dilution was only 2.1% in a population of sheep that included animals that
were fasted and refed as well as those that were kept in a continuously posi-
tive energy balance.

These investigations were supported by Public Health Service Research
Grant No. AM-02889 from the National Institute of Arthritis and Metabolic
Diseases.
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Studies of a number of laboratory and domesticated species of mam-
mals have shown that fat is the most variable of gross body chemical
components, '3!3 whereas in comparable age groups the composition of
the fat-free body is relatively constant with respect to water, 8101315
nitrogen, %1913 ash, 819 and anatomical components (G. C. Pitts, unpub-
lished data). The few species show both similarities and differences. The
present study is an attempt to determine what similarities and differences in
body composition occur in a wide variety of mammalian species, both wild
and domesticated. In addition, we will investigate whether data on body
composition of one species have predictive value when applied to another and
whether observed differences between species are related to body size. We
shall deal primarily with fat, water, muscle, and bone in relation to the total
fat-free body weight (FFBW).

MATERIALS AND METHODS

The 207 wild mammals used in this study were collected in the field in live
traps, with few exceptions, and were killed immediately upon recovery. Some

45
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of the smaller specimens were captured in snap traps. The bats were taken in
nylon “mist” nets. Immature specimens, as judged by linear body measure-
ments, were rejected. The Alaskan specimens were collected in the vicinity of
Fairbanks, Paxon, Gulkana Glacier, Denali Highway near the McLaren River,
and Steese Highway near Circle. The Brazilian specimens were collected in
the vicinity of Salvador da Bahia, and those from Wisconsin, in the vicinity of
Madison. The Virginia specimens were collected at many stations scattered
throughout the state.

After total body weight was recorded, each animal was depilated with
barium sulfide solution, a treatment that causes no statistically significant
change in any of the parameters reported. Then the following components
were separated by gross dissection: heart, liver, kidneys, spleen, empty gut,
brain and spinal cord (central nervous system, or CNS), skeletal muscle, un-
scraped bone with marrow, skin with subcutaneous adipose tissue, internal
adipose tissue, and a “remainder” category including shed blood. On each
component we determined percentage of water, by freeze-drying to constant
weight, and percentage of fat, by extraction with ethyl ether followed by
petroleum ether. A more detailed description of the entire methodology has
been presented elsewhere.!% !5

Our sample of mammals was markedly expanded by calculations made on
data in the literature on various species of large mammals. Wherever possible,
these calculations were submitted for approval to the original authors, who
are acknowledged in each case. However, it was not possible to calculate all
parameters on all species. These calculations comprise data on 259 individuals,
making a total sample of 466.

This sample is heterogeneous; it contains the following identifiable sources
of variability: taxonomic, geographic, sexual, seasonal, and genetic. The
complex taxonomic breakdown is evident in Tables 1 and 2, there being 11
orders, 23 families, 41 genera, and 49 species. Geographical distribution is
as follows: Alaska 69, Virginia 65, Brazil 50, Wisconsin 23, and others 259;
distribution by sex: 247 males, 171 females, and 48 castrates. Most of the
Alaskan and Wisconsin specimens were collected in summer, and those from
Virginia and Brazil in winter. Thus, it appears impossible to segregate all of
these variables with this sample. The most readily demonstrable correlations
are likely to be those strong enough to transcend the “noise” created by the
unsegregated variables.

Corrected live weight (CLW) is defined as gross body weight, less the
weight of gut content and fur. Total fat (or water) is obtained by summation
of the fat (or water) from all components, and fatness is expressed as the ratio
in percentage of total body fat to corrected live weight. Because variations in
fat obscure the quantitative aspects of body composition, we have expressed
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SOME INTERSPECIFIC ASPECTS OF BODY COMPOSITION IN MAMMALS 53

all other components (even adipose tissue) on the fat-free basis, and the fat-
free condition will be understood without restatement in each case.

RESULTS AND DISCUSSION

Table 1 is an inventory by taxonomic group of some of our basic data; and
Table 2 is a similar inventory of data recalculated from other investigators.
Note that the number of individuals per species is statistically much more
satisfactory in Table 2 than in Table 1.

Tables 3, 4, and 5 present percentage composition of the fat-free body of
the Alaskan, Virginian, and Brazilian species, respectively. Tables 6, 7, and 8
present the percentage distribution of total fat among various organs and tis-
sues of the Alaskan, Virginian, and Brazilian species, respectively. All statisti-
cal analyses on all species are not yet complete; hence, a few are missing from
these tables and Table 9.

Comparative physiology and biochemistry are largely descriptive at this
stage of their development, and Tables 1 through 8 reflect this fact. Below,
we present several relationships with functional significance extracted from
the total body of data, and we continue our search for others. Hopefully,
others will be able to put these data to similar uses.

FATNESS VERSUS BODY SIZE

Our qualitative impression that larger mammalian species possess relatively
more body fat than smaller ones is verified in Figure 1, where percentage of
body fatness is plotted against fat-free body weight on log scales. Remem-
bering that regression analysis requires randomly distributed Y values, we
must acknowledge that percentage of body fatness may not comply. Since
the significance of the relationship cannot be demonstrated otherwise, per-
centages are employed; and we have limited our objective to the demonstra-
tion of an interaction between the two parameters. The actual values of the
constants in the regression equation may well be in doubt.

The relationship in Figure 1, which appears curvilinear on a semilog plot,
may be represented by the equation

Fatness = 1.5 (FFBW)%-2, )

where FFBW is fat-free body weight. Clearly, in this large, heterogeneous
sample, body fatness is directly correlated with body size from less than 5%
in mice to about 35% in blue whales.*

*Figure 1 spans the maximal range of body size from the shrew (3g) to the blue whale
(86,000,000 g).
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60 BIOLOGY

TABLE 6 Body Fat Distribution in Alaskan Mammals: Means and Standard

Deviations
Distribution of Total Fat (%)
Number Total Fat Subcu-
and as % of taneous Internal
Species CLW Heart Liver Kidney Gut Bone Depot Depots
1 Ochotona collaris .
5.8 0.11 1.85 0.44 3.07 494 105 79.1
1 Marmota monax
35.8 0.05 0.50 0.07 0.40 1.22 19.9 71.8
2 Marmota caligata
17.5 0.12 275 0.27 1.52 5.40 8.44 815
4 Citellus undulatus
4.35 0.21 342 0.54 2.81 17.78 176 175
11 Tamiasciurus hudsonicus
1.97 0.61 461 1.02 340 114 14.2 64.7
+1.13 +0.24 +1.36 +0.39 *1.86 *4.3 48 +79
1 Castor canadensis
114 0.09 0.65 0.08 0.50 1.24 - -
5 Lemmus trimucronatus
1.86 0.60 545 134 532 9.19 213 56.8
20 Clethrionomys rutilus
2.90 0.60 859 1.32 9.9 2.94 18.3 57.5
+1.40 $0.60 *5.13 *+0.56 5.0 135 184 7.7
9 Microtus oeconomus
2.08 096 9.97 2.62 9.89 352 246 48.4
+0.89 +1.09 534 *1.09 598 1347 *114 t12.2
1 Ondatra zibethica
1.1 0.18 430 0.87 331 682 256 58.9
2 Erethizon dorsatum
11.0 0.10 2.18 0.33 1.73  6.25 30.3 59.1
3 Mustela erminea
1.53 0.89 12.2 1.75 5.12 10.8 17.4 51.9
1 Gulo luscus
6.0 0.35 2.85 0.25 8.67 12.7 10.1 65.0
1 Felis (Lynx) canadensis
14.6 0.26 057 0.31 0.81 948 5.65 82.9

A critical examination of some of the data in Figure 1 is essential. In the
two series of whales, fat was extracted from all portions of the body except
“meat” which was packed as food without extraction. Consequently, we
estimated fatness from the equation

= (oil yield + estimated oil content of meat) x 100

Fatness total body weight

)
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SOME INTERSPECIFIC ASPECTS OF BODY COMPOSITION IN MAMMALS 61

TABLE 7 Body Fat Distribution in Virginian Mammals: Means and

Standard Deviations
Distribution of Total Fat (%)
Number Total Fat Subcu-
and as % of taneous Internal
Species CLw Heart Liver Kidney Gut Bone Depot Depots

2 Didelphis marsupialis
8.0 0.67 2.36 1.33 064 6.50 8.8 79.8
1 Scalopus aquaticus

2.8 041 448 0.81 3.58 6.51 11.6 72.6
1 Eptesicus fuscus '

53 0.01 1.18 0.00 0.79 34.2 22.0 41.8
3 Procyon lotor

16.8 0.13 041 0.07 045 5.84 30.6 62.5
2 Mustela vison

6.1 0.09 6.39 0.28 1.08 2.10 389 513
3 Felis (Lynx) rufus

11.8 0.34 0.75 0.26 0.66 10.4 3.79 838
1 Marmota monax

5.4 0.18 5.07 0.09 2.27 6.04 22,0 64.4
1 Tamiasciurus hudsonicus

2.1 0.20 2.81 090 108 6.22 6.22 72.8
1 Sciurus carolinensis

2.2 047 287 0.68 1.62 10.1 11.3 73.8
2 Castor canadensis

11.0 0.08 0.35 0.23 0.39 1.09 - -
9 Peromyscus leucopus

341 045 441 1.36 397 9.8 188 61.2

$0.78 $0.30 *1.35 1042 11.60 *2.2 45 4.4
1 Oryzomys palustris

12.8 0.06 1.93 0.30 1.02 3.36 43.0 504
1 Clethrionomys gapperi

0.8 0.71 7.86 3.57 107 143 28.6 47.1
7 Microtus pennsylvanicus

3.76 043 3.60 1.17 456 17.62 26.8 55.8

+1.02 $0.22 +1.09 #0.27 +1.10 +3.88 16.87 4.1
7 Microtus pinetorum

2.36 0.26 1745 1.24 450 9.0 239 53.7

+1.21 $0.09 +3.54 *0.64 +2.37 5.7 6.5 *11.7
8 Ondatra zibethica

7.35 0.07 1.54 0.21 1.26 3.89 14.0 79.1

$141 +0.05 *0.89 +0.08 +0.44 *1.08 *44 5.0
4 Mus musculus

5.55 0.28 4.61 1.39 233 109 238 56.7
8 Laboratory albino mice

9.2 0.09 144 0.40 2.11 5.58 20.9 69.6

24 $0.05 10.63 +0.05 *1.08 *2.72 *0.5 155
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TABLE 8 Body Fat Distribution in Brazilian Mammals: Means by Species

Number Total Fat Distribution of Total Fat (%)
and as % of
Species CLW Heart Liver Kidney Gut Bone
2 Didelphis sp.
10.29 0.11 0.73 0.16 0.80 4.02
3 Molossus major
1.94 2.06 3.15 1.45 2,33 5.85
14 Artibeus jamaicensis
9.13 0.47 2.79 0.41 4.56 13.30
5 Artibeus lituratus
9.56 0.47 3.23 0.38 1.64 12.66
3 Glossophaga soricina
3.57 2.42 3.50 3.01 8.33 5.64
7 Phyllostomus discolor
6.60 0.66 2.02 0.57 3.21 15.41
2 Phyllostomus hastatus
5.80 0.64 2,25 0.25 2.29 18.29
2 Sturnira lilium
7.40 0.38 3.64 0.53 3.14 12.57
3 Vampyrops lineatus
7.00 0.55 1.60 0.34 2.94 12.47
4 Callithrix jacchus
4.40 0.42 6.14 0.47 7.83 16.65
2 Euphractos sexcinctus
9.66 0.18 3.40 0.30 1.13 1.41
1 Cuniculus paca
12.55 0.21 2.50 0.30 3.00 5.66
2 Dasyprocta aguti
12.32 0.28 2.51 0.23 1.88 1.31

Whale “meat” is assumed to be comparable with “flesh” of butchered
cattle,” which we calculate to have approximately the same fatness as the
total body. Since the fat associated with whale meat is a minor part of the
whole, our assumption that it is one third extractable fat is not likely to in-

troduce a large error into the calculation of whale body fatness.*
Caged mammals (mice, guinea pigs, and others) fall several standard errors

of estimate above the curve in Figure 1, a finding in accord with Hayward’s
demonstration of increased fat accumulation in a wild species that has been
caged under laboratory conditions.? Apparently, the relationship demon-

strated in Figure 1 is applicable only to unrestrained animals in energy equi-

*Application of the constant factor for percentage of fat in meat to all individuals ren-
ders the standard deviation meaningless, and this was not calculated for the whales.
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FIGURE 1 Relationship between log fatness (total extractable lipid x 100/CLW) and
body size (log fat-free body weight). Although all individuals of a species are represented
by a single symbol (identifiable in the key to symbols) located at the species mean, the
statistics are based on the individual values. The line was fitted by the method of least
squares. Number of individuals in each species is represented by the figures above the
respective symbols. Vertical and horizontal lines passing through the symbols represent

standard deviations.
KEY TO SYMBOLS

Didelphis 4 Euphractos @ Ondatra 0
Scalopus © Ochotona X Mus ¢
Sorex @ Marmota monax @  Albino mouse A
Blarina ¢ Marmota caligata @  Erethizon ®
Myotis V Eutamias @ Cuniculus 0
Eptesicus A Citellus O  Dasyprocta [
Nycteris A Tamiasciurus @ Procyon [m]
Molossus q Sciurus Q  Mustela erminia n
Artibeus jamaicensis p Castor @ Mustela vison @
Artibeus lituratus p Peromyscus ¢ Gulo a
Glossophaga A Oryzomys 0 Felis -]
Phyllostomus discolor W Lemmus ¢ Bos C
Phyllostomus hastatus Y Clethrionomys rutilus 0 Equus H
Sturnira A Clethrionomys gapperi 0 Balaenoptera B
Vampyrops D Microtus pennsylvanicus 0 Sibbaldus S
Callithrix M Microtus oeconomus 0 Homo (man) M
Cavia (guinea pig) G Microtus pinetorum 9
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librium with their natural environments. Does man meet these criteria?
Certainly, older individuals and those in sedentary occupations do not. But
the human series plotted in Figure 1 involved relatively active navy men with
a mean age of 26.6 years. ' Can the domesticated cattle and horses be justi-
fied in Figure 1? The selective processes of animal husbandry may produce
changes in body composition that we are unable to evaluate at present. How-
ever, the energy equilibrium of a domesticated horse or cow on pasture is
probably closely comparable with that of the feral animal on open range. In
any event, restricting our consideration to those species smaller than man in
Figure 1 reduces the correlation coefficient to +0.511, which is still significant
at the 1% level.

We may speculate briefly on the biological significance of the relationship
between fatness and body size. Probably predation is involved, at least at the
small end of the body-size scale. Thus, fat mice with reduced mobility will be
quickly gleaned from the population by predators, whereas individuals of
larger species can accumulate body fat with impunity. An energetics analysis
of the problem may be helpful. For example, in storing sufficient calories as
adipose tissue to meet its energy needs for 2 days, a 30-g mouse will increase
its body weight by more than 10%, whereas in accumulating a similar ration,
a man will increase his body weight by less than 1%. This is attributable to
the inverse relationship between metabolic rate and body size.’ Considering
the intense daily activity regimens of small mammals, can they “afford” to
store and carry sufficient adipose tissue to be biologically significant as a
source of energy?

BODY WATER VERSUS BODY SIZE

Evidence from guinea pigs !>!5 and cattle?%° reveal regulation of the water
fraction of the fat-free body with a standard deviation of 1% or less. Figure 2
bears on the question, does constancy prevail on an interspecific basis? In this
figure there are at least two subgroups; bats (triangular symbols) and terres-
trial species. Clearly, in terrestrial species, log percent water in the fat-free
body is negatively correlated with body size, ranging from about 78% in the
smallest mammals to 71% in cattle. Many data in the literature do not con-
form with the relationship presented in Figure 2. Usually, this is because the
values cited refer to something less than the total fat-free body, for example,
fat-free eviscerated carcass, fat-free skinned eviscerated carcass, and others.
We can only repeat the precaution expressed elsewhere, !5 that the expression
for water fraction of the body must be standardized.

The biological significance of the negative correlation between water frac-
tion of the fat-free body and body size (Figure 2, terrestrial species) may rest
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FIGURE 2 Relationship between log percent water in the fat-free body and log fat-
free body weight. S .x i the standard error of estimate, that is, square root of the
variance of estimate. See Figure 1 for further details.

in the following considerations. The impressive constancy of water fraction
within a species and age group implies that:

1. The intracellular water fraction will be constant for each of the major
cell types when freed of fatty inclusions, although the fraction may differ be-
tween cell types; for example, mouse liver will contain close to 74% of water,
and gut will contain about 80% (G. C. Pitts, unpublished data).

2. The fractions of the various cells, tissues, and organs within the fat-free
body will be constant; for example, the fat-free body of the mouse has 45%
muscle and 6% gut (G. C. Pitts, unpublished data).

3. The volume of the extracellular fluid compartments will remain rela-
tively constant in normal animals on an ad libitum regimen.

Dislocations in the above do occur, but the previously documented constancy
in water fraction of the fat-free body speaks for itself. The decrease in water
fraction observed in larger mammals (Figure 2) is most probably explained on
the basis of (2) above. Physical and geometrical considerations dictate that
weight will vary as the cube of a linear dimension and that structural strength
will vary as the square of a linear dimension. For example, the weight of a
long bone is a function of its volume, and the strength is a function of its
cross-sectional area. Thus, larger mammals require a larger fraction of skele-
ton than do smaller ones. Since skeletal tissue is relatively “dry” (25 to 60%
water), this would explain the relationship between water and size in Figure 2.
These considerations are examined further in the next section.
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The bats in Figure 2 (both Brazilian and Virginian) are statistically dis-
tinguishable as a group from terrestrial species. Analysis of covariance !7
reveals that the slopes of the two regression lines are not significantly dif-
ferent, but the two groups have different variances (P <0.01). In other
words, the “elevation” of the bat data is significantly below that of terrestrial
species. The number and size range of the bat data must be expanded before
more can be said about the nature of the regression or its biological signifi-
cance.

The five species encircled with a broken line in Figure 2 are the terrestrial
Brazilian species. In general, they appear drier than comparable temperate-
zone species. This is understandable in the two armadillos (encircled asterisks)
because of the presence of the body armor, which is of ectodermal origin and
is low in water fraction. Of the remaining four species (nine individuals), two
are more than 2 standard errors of estimate below the regression line. Thus,
the probability is less than 0.05 that they belong to the population for which
the regression line was calculated. These are all tropical rain-forest species,
and we cannot explain why they should be drier than the temperate-zone
species. Methodological error is a possible explanation. However, consistent
technology was used throughout. Specimens from Alaska, Brazil, and Wis-
consin were all packaged vaportight in aluminum foil and plastic, immediately
deep-frozen at -20°F, and transferred to a shipping locker with dry ice; and
all were flown to our Virginia laboratory with equal dispatch.

FRACTIONAL COMPOSITION OF THE FAT-FREE BODY
VERSUS BODY SIZE

There are both theoretical and empirical reasons for expecting a difference
in fractional composition between large and small mammalian species. Some
of these have been mentioned. Statistical tests of these possibilities are pre-
sented in Table 9. The 116 specimens represented in this table include no bats.

The percentages of dry bone, bone ash, and muscle are the only compo-
nents in Table 9 that are positively correlated with fat-free body weight; all
the others have negative coefficients. Bone and muscle together constitute
about 65% of the fat-free body. Consequently, with these massive compo-
nents increasing in percentage, the several smaller components must, perforce,
decrease. The disproportionate increase in mass of muscle and skeleton as
one goes to larger mammals agrees with our prediction based on the relation-
ship between change in mass and change in strength.

While dry bone and bone ash have statistically significant coefficients in
Table 9, wet bone does not. Obviously, the water fraction of fat-free bone
shows considerable variability. Most tissues and organs are relatively constant
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TABLE 9 Correlation between Percentage Composition of the Fat-Free
Body and Fat-Free Body Weight of Alaskan and Virginian Species®

Number

Component of Values r P
Bone 116 +0.129 >0.05
Bone (dry) 108 +0.339 <0.01
Bone ash 112 +0.266 <0.01
CNS 116 -0.500 <0.01
Gut 116 -0.211 <0.05
Heart 116 —-0.441 <0.01
Kidney 116 -0.378 <0.01
Liver 114 -0.333 <0.01
Muscle 116 +0.321 <0.01
Skin 116 —-0.104 >0.05
Spleen 112 -0.187 >0.05
Remainder 114 -0.233 <0.01
PERCENTAGE OF

WATER IN MUSCLE 150 -0.353 <0.01

9 About 18 individuals are omitted because of incomplete analyses. These are random,
and we believe they cause no statistical bias.

in composition after correction is made for the storage fat present. By con-
trast, we believe that because bone water and bone fat compete for space in a
marrow cavity of nearly constant volume, water of whole bone will show no
greater constancy than fat. In other words, most organs accumulate fat by
accretion, whereas the skeleton does so by displacement of soft tissues which
are high in water content.

Constancy of water fraction in the fat-free body has the three implications
listed under “Body Water versus Body Size” (page 64). Looking at these and
at Table 9 again, we can assume that the disproportionate increase in dry bone,
and bone ash as body size increases is a change of the second type and might
largely account for the decrease in fraction of water (Figure 2). Under these
conditions, intracellular fraction of water need not change. Hoping that per-
centage of water in the largest soft-tissue component, muscle, might reflect
intracellular water fraction, we calculated the correlation coefficient between
its percentage of water and body size. The expectation that water fraction of
muscle would be independent of body size is not borne out by the coefficient
given in Table 9. Clearly, the larger a mammal, the smaller the fraction of
water in its muscle. Using the lines of reasoning applied above to the body as
a whole, we conclude that the decrease in muscle-water fraction with in-
creasing body size may merely reflect an increase in the percentage of rela-
tively dry sustentacular tissues associated with muscle, for example, tendons
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and other connective tissues. This is homologous with our interpretation of
the relationship between fractions of water and skeleton in the entire fat-free
body. To generalize, larger species of mammals require a larger fraction of
sustentacular tissues (both skeletal and nonskeletal) than smaller species do to
support their bodies against the pull of gravity. This principle is difficult to
demonstrate statistically except on samples with body size ranging through
several orders of magnitude. However, simple hypertrophy of bone and muscle
have been demonstrated within a species.’ ®

SUMMARY

Body composition was studied in 466 adult mammals representing 11 orders,
23 families, 41 genera, and 49 species from Alaska, Virginia, Brazil, and Wis-
consin. Descriptive data by species are presented on percentage composition
of the fat-free body and percentage distribution of total fat among various
organs and tissues. Regression of percentage of body fatness on fat-free body
weight (an index of body size) is expressed by the equation:

Fatness = 1.5 (FFBW)?-2,

with fatness ranging from less than 5% in the smallest mammals to more
than 35% in blue whales. Caged species are much fatter than predicted by
this equation, which applies to unrestrained individuals in energy equilib-
rium with their natural environments. The percentage of muscle and of
bone ash, dry bone, and other sustentacular tissues in the fat-free body in-
creased with increasing body size. Because the skeleton and other susten-
tacular tissues are relatively dry, the increase of their fraction in larger mam-
mals produces a decrease in the fraction of water in the fat-free body. Bats
are drier than terrestrial species of equal size. The changes in composition of
the fat-free body, which we found to be correlated with body size, are ex-
plicable, directly or indirectly, in terms of the proportionate amount of
sustentacular tissue and muscle required to support and move the body
against the pull of gravity.

This investigation was supported by a contract with the United States Air
Force [AF 18(600)-855], a research grant [A-3354(A)] from the U.S. Public
Health Service, and a National Aeronautics and Space Administration con-
tract (NAS 2-1554).

We are deeply indebted to the following for invaluable assistance in ar-
ranging fieldwork and providing specimens: Dr. Peter R. Morrison, Institute
of Arctic Biology, University of Alaska; Mr. 1. T. Quinn, former executive
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director, Virginia Commission of Game and Inland Fisheries, and numerous
other persons in that commission; Professor Henry S. Mosby and Dr. M. A.
Byrd, Virginia Cooperative Wildlife Research Unit, Blacksburg, Virginia;
Numerous persons in the Arctic Aeromedical Laboratory, Alaskan Air Com-
mand, U.S. Air Force; The School of Medicine, University of Bahia, Brazil;
and in particular, Professors Roberto Santos and Jose Simoes; Dean Paulo
Sawaya, Faculty of Philosophy, Sciences and Letters, University of Sao Paulo,
Brazil; Dr. Robert Rausch, Arctic Health Research Center, Anchorage, Alaska;
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E. M. widdowson  BIOLOGICAL

University of Cambridge
IMPLICATIONS
OF BODY
COMPOSITION

When Dr. Reid first invited me to speak at this conference and suggested as
my subject “Biological Implications of Body Composition,” I replied that I
should be very pleased to give a paper under this title. But when I came to
think about it in more detail and to start to prepare it, I realized that what I
had rashly undertaken to do was to give a paper on the “why and wherefore
of all things” concerning body composition—in other words, the biological
implications of life itself. It was clearly quite beyond my powers to condense
the whole body of information, so I have limited myself to saying something
about those aspects of body composition that can be measured in the living
body, in particular, body water and body potassium.

I need hardly mention the complicating effect of fat in considerations of
total body water. It is well illustrated in Figure 1, which shows the amount of
water in the developing fetus, both per 100 g of lean body tissue and per
100 g of whole body. The percentage of fat is also shown. The large fall in
percentage of water in the whole body during the last part of gestation is due
far more to the increase in fat than to any real fall in the percentage of water
in the lean body mass.

7
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FIGURE 1  Fat and water in the body of the developing human fetus.

But when we eliminate the fat and consider the lean body mass, and the
amount of total water and extracellular water in it, what do we really mean?
The fraction that we call extracellular water forms a very tortuous continuum.
It lies between cells and surrounds them,; it is in the blood and lymphatic ves-
sels and in the serous cavities. The intracellular fluids, on the other hand, do
not form one continuous fluid mass but are many tiny droplets isolated by
the restricted permeability of their cell membranes. All exchanges between
one cell and another and between a cell and the external environment must
take place through the extracellular fluids. The salts inside and outside the
cells are characteristically different (Table 1). The chief cation of the extra-
cellular fluid is sodium, but there are also important concentrations of calcium
and potassium; and chloride and bicarbonate are the main anions. The chief
cation in the cells is potassium, and the anions are mostly organic phosphates
and proteins. Cells can and do differ from one another in their electrolyte
makeup. The red blood cells of the cat and dog, for example, have sodium as
their main cation, but all the other cells of their bodies have potassium. There
are many intracellular fluids, but only one extracellular fluid, which varies
only in a minor way from one part of the body to another—indeed, also from
one species to another. I should perhaps qualify this by saying that there are
certain specialized fluids outside the cellular mass that are really cellular se-
cretions: intestinal fluids and the cerebrospinal, ocular, and aural fluids.

Each of these has a different chemical makeup, as do all secretions, whether
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TABLE 1 Electrolyte Structure of Extracellular and Intracellular Fluid

Extracelluler Fluid Intracellular Fluid

Structure (mEq/liter of water) (mEq/liter of water)
CATIONS

Na 150 8

K 54 151

Ca 54 2

Mg 3.2 28
ANIONS

C1 110 -

HCOS 29 10

PO A 2.1 100

SO 4 1.1 10

Protein 17 65

Organic acids 6.5 4

they are internal or external. The ear fluids are particularly interesting be-
cause the perilymph has a composition similar to that of cerebrospinal fluid,
while the vestibular endolymph contains 144 mEg/liter of potassium and only
16 mEq/liter of sodium.!® This Na: K ratio makes it unique among extra-
cellular fluids, as far as I know.

The cells in our bodies have been likened by Robinson to amoebas in a
pond:

Unlike most ponds, the size of the pond in the body is small compared with the
volume of cells inhabiting it. The composition of the pond is altered by the metabolic
products of the cells, but the cells are intolerant of changes in composition of their ex-
ternal environment, and an important part of physiology is concerned with the regulating
mechanisms which have been developed to enable the over-crowded pond under our skins
to maintain itself as though it had an unlimited volume.?

The cell membranes are generally permeable to water, and, in spite of their
different electrolyte composition, the cells are in osmotic equilibrium with
the extracellular fluid. The osmolar concentration of the extracellular fluid
varies little during health; it is possibly the most constant of all the many
biological constants, or steady states, as they are now often called. Two
mechanisms bring this about; thirst and the antidiuretic hormone. Although
the composition of the extracellular fluid is held so steady, as I have just said,
its volume is much less rigidly guarded, and it can change quite extensively
from day to day in health, and much more so with age, nutritional status, and
disease.

What bearing has all this on the theory that there can be a lean body mass
with a constant percentage of water in it? Great as this generalization is, it can
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be only approximately true, for we know that the volume of the extracellular
fluid is changing every minute as water is lost through the lungs, the skin, and
the kidneys and is replaced by water absorbed from the gut. Any of you who
have weighed yourselves repeatedly at frequent intervals will know how your
weight may go up and down by a kilogram or more from day to day, and this
must be due to retention and loss of extracellular fluid. The assumption that
the lean body mass is constant in composition is clearly not strictly true even
in a single individual from time to time. Still less is it true from one individual
to another.

Most of the tissues contain more water per 100 g than the conventional 72%
in the lean body mass, as shown here:

Skeletal muscle 79%
Heart 83
Skin (fat-free) 69
Liver 71
Brain 77
Kidney 81
Skeleton 36

The fat-free skin has only 69% of water, but it is the skeleton that is primarily
responsible for bringing down the water from nearly 80% in the muscles and
organs to 72% in the lean body mass. The whole skeleton of man contains
about 36% of water, and it comprises 18% of the body weight. Table 2 shows
the only values we have for the chemical analysis of “healthy” adult human
bodies. Three of the five analyses were made in the United States and two in
England, and it is immediately apparent that the water in the fat-free body
tissue was not absolutely constant. In the four men, it varied from 69.4 to
73.0%. Because 99% of the calcium in the body is in the skeleton, we can
take the amount of calcium per kilogram of fat-free body tissue as an index
of the amount of bone; and it is satisfactory to see that the water is highest in
the man with the least calcium, and lowest in the man with the most. The
woman had high calcium and high water contents. The most likely explana-
tion for this is to suppose that 100 g of her soft tissues, particularly her skele-
tal muscles, contained more water than those of a man. I would not be at all
surprised if this turned out to be true.

Some time ago, workers pointed out that not only were the percentages of
water and nitrogen in the lean body mass similar from one individual to an-
other within a species, but they were also similar from one species to another.
This is true, but largely for fortuitous reasons, for small four-legged mammals
have small skeletons, as evidenced by the lower concentration of calcium in
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TABLE 2 Compoaosition of the Bodies of Five “Healthy’” Human Adults

Composition of
Fat-Free Body Weight Fat in Body
(/100 g) Age (kg) (/100 g)
MALE
Water 69.4
Ca 2.40 46 53.8 19.4
Water 70.4
Ca 2.40 60 73.5 27.0
Water 73.0
Ca 2.07 48 62.0 4.3
Water 72.5
Ca 2.13 25 71.8 149
FEMALE
Water 73.2
Ca 2.48 42 45.1 23.6

their bodies (Table 3). Man has to have a large skeleton to support him in his
upright position. Some other part of the body, possibly the hair in some ani-
mals, or in small animals, the skin with its proportionally greater area, must
partly replace the action of the skeleton in larger animals in bringing down
the percentage of water in the lean body tissue to about 72%.

Now I want to discuss the biological implication of the large volumes of
extracellular fluid in the early stages of development. When the ovum is fer-
tilized, the organism is entirely cellular, but there soon comes a stage when

TABLE 3 Composition of the Fat-Free Body Tissue of the Adults of Six

Species

Watar Ca
Species (9/100 g) (g/100 g)
Man 72 2.2
Pig 75 1.2
Cat 74 1.3
Rabbit 73 1.3
Rat 72 1.2
Mouse 78 1.1
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extracellular fluid forms an important part of it; in man this is when the
blastocyst is formed 10 days after fertilization. The youngest fetuses that have
been analyzed weighed less than a gram, and they contained from 93% to 95%
of water,? so their bodies were more dilute than normal adult plasma. In the
fetus of 20 weeks’ gestation, the total water amounts to nearly 90% of the
body weight, and nearly 70% of it is outside the cells. By term, the total
water has fallen to about 69% in the whole body, or 82% in the lean body
mass as shown in Figure 1. The intracellular water has risen, along with the
increasing cell mass, and the extracellular fluid now exceeds the intracellular
fluid by only a small amount. Six months after birth the position has been
reversed, and in the adult the intracellular fraction exceeds the extracellular
fraction by a factor of 2 or more.

There is good evidence that before birth the volume and composition of its
fluids are maintained by the fetus itself. The concentration of some of the
minerals, amino acids, and vitamins in the fetal plasma are higher than in the
maternal plasma, which indicates that the placenta must be engaged in their
active transport into the fetus; but the osmolar concentration of the fluid is
about the same as that of the mother. QOutside the body of the fetus, but
within the fetal membranes, there is fluid in the amniotic sac, and in some
species also in the allantoic sac. It seems that both the volume and composi-
tion of these fluids are also controlled by the fetus and are important to it.”
The fetal kidney is active before birth and it secretes large volumes of hypo-
tonic urine into the amniotic fluid. This urine is acid, and it contains very
little sodium and practically no phosphate. We believe that the fetus drinks
amniotic fluid and absorbs the water and salts from the gastrointestinal tract,
thus completing the cycle and maintaining the “steady state” among its fluids
necessary for its normal development. It has been estimated from studies in
which methylene blue was injected into the amniotic cavity that the human
fetus near term may drink about a liter of fluid a day. Thus, before birth the
kidney is important in that it allows the fetus to maintain a desirable volume
of amniotic fluid, but its excretory functions (in the postnatal sense) are nil.
The placenta does it all.

After the baby is born, the urine it passes has much the same character-
istics that it had before birth, and there is no evidence of any sudden change
in renal function at the moment the baby is born. In other words, it does not
at once start to excrete the sodium, chloride, and water from the extracellular
fluid to bring the extracellular-intracellular proportions to the adult values.
The volumes continue to change slowly and steadily, without any dramatic
alterations at the time of birth. The essential thing that is going on in the

. fetus and newborn baby is, of course, the growth and multiplication of the
cells. We found some evidence years ago that a large volume of extracellular
fluid inhibited protein catabolism in the newborn pig.® I would like now to
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put this in a more positive way and suggest that a large pond in relation to the
volume of cells in it is essential in early life when the metabolically highly
active cells are rapidly dividing and when the mechanisms for removing the
products of metabolism and maintaining the constancy of the composition of
the extracellular fluid are not as highly developed as they will be later in life.
We know that fetal plasma has a higher concentration of potassium than adult
plasma, '3 which looks as if the cell membrane has not yet acquired the effi-
ciency in sodium and potassium transport it will have later.

The volume of extracellular fluids is often high in undernutrition. Here I
think the reasons are different. Undernutrition, whether of a child or an
adult, alters the relative proportions of the three great compartments of the
body. The fat goes, and the cell mass shrinks, and with it the cell water. In
sections of the skin or bone marrow of persons suffering from undernutrition,
the fat cells are small and shrunken, and the spaces between them are taken
by extracellular fluid. The perirenal tissues lose their fat and become gelati-
nous and watery. The muscle cells become smaller, and the spaces between
them are filled with extracellular “gel.” Many explanations have been brought
forward to account for the increased extracellular fluid volume in undernutri-
tion.° None of them explains all the facts; there are probably several causes.
If and when the concentration of serum proteins falls, and consequently the
colloidal osmotic pressure of the plasma falls, the edema may increase, ac-
cording to Starling’s principle, but the replacement of body space previously
occupied by fat and cellular tissue is probably the most important cause of all.

Now a few words about the total body potassium. I am not so concerned
with whether 4°K measures the total body potassium as with what it tells us
when it does. We hope, of course, that it will give us a measure of the cell
mass. This, however, depends on the relationships between the water, pro-
teins, and potassium of the cell being relatively constant. Just as the body is
a complex of organs and tissues, each with a different percentage of water, so
the cells differ from one part of the body to another. Each organ and tissue
has its characteristic cellular “makeup.” We can get an idea of this from the
ratio of potassium to intracellular protein within each organ, but even this is
probably affected by age. This ratio in an adult man, expressed as milliequiva-
lents of potassium per gram of intracellular protein nitrogen, ranges from 5.0
in the brain to 1.4 in the skeleton. The ratio in muscle and skin is about 3.4,
and in liver it is about 2.7. The cells of the body are not homogeneous enti-
ties but are made up of cytoplasm and the cellular inclusions, of which the
most important are the nucleus, mitochondria, and microsomes. These con-
tain different concentrations of potassium. In calf thymus cells, for example,
the concentration of potassium was about 4.5 times higher in the nucleus than
in the cytoplasm.5 In rat liver cells, the mitochondria contained 3 times as
much potassium per 100 g as the microsomes. 2!
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The amount of potassium in the whole body, therefore, depends not only
on the extracellular and intracellular relationships within the body, but also
on the contribution of the different organs, each with its own particular kind
of cell; and the composition of the cells varies with their nutritional status and
their age. Table 4 sets out some of these facts. The adult muscle cell, as we

TABLE 4 Ratio of Potassium (mEq) to Intracellular Protein Nitrogen (g)
in Human Organs at Different Ages

Fetus at Full-Term
Organ 20 Weeks Gestation Baby Adult
Muscle 4.3 3.8 34
Skin 3.8 4.7 34
Heart 7.0 34 3.5
Liver 4.2 2.6 2.7
Brain 6.2 6.3 5.0

have seen, has about 3.4 mEq of potassium per g of intracellular protein nitro-
gen; but the small muscle cells of the fetus, with their large nuclei, have a
higher ratio, which we found to be 4.7 at 14 weeks gestation, 4.3 at 20 weeks
gestation, and 3.8 at birth. The contribution of the organs and tissues to the
total body weight changes with age, and so does their contribution to the
total body potassium. The muscle, for example, contains 33% of the body’s
potassium at birth and 62% in the adult. Values for skin are 16% at birth and
5% in the adult, and for brain, 19% at birth and 6% in the adult.

We do not know just how long the cells of the body maintain their integrity
in severe undernutrition. They probably do so for a time, but there may come
a point at which the metabolic activity of the cell wall fails, and sodium and
chloride enter the cells and potassium leaves them. When this happens, the
animal, or child, or adult, has probably reached a point of no return. We have
seen this happen in the tissues of severely undernourished pigs that have
died; 2 and Garrow et al ! observed it in Jamaica in children dying of severe
protein and calorie deficiency. These workers have made the interesting ob-
servation, from both 4°K measurements of the head and chemical analysis of
the brain, that the brains of these children are specifically deficient in potas-
sium. If this is confirmed, it seems to be a very important observation. From
the results of body-fluid volume measurements in adults who were protein
deficient it has been suggested that the cells are overhydrated.? If this were
so, one would expect a high concentration of potassium in the body, not a
low one.

In this brief paper, I have been able to give only a few examples of the
biological implications of body composition. I hope I have not presented
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them to you as biological complications. I had a long list of many other
things, and I can only hope that what I have presented will have demonstrated
that the composition of the body is not a dull and static subject; it is dynamic,
full of comings and goings and whys and wherefores. Our picture of it at one
particular moment must always be thought of as one frame of a film. The
picture we see depends on what has happened in the body in the past and
what is happening at the moment. The picture may help us to predict what
will happen in the future if we do not interfere. There is a reason for every
change, whether physiological or pathological, and I believe that the funda-
mental reasons for all the changes in the composition of the body will be
found in the cells themselves.
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Growth means change, and not in size alone, for such aspects as relative organ
size, body proportions, and organ function undergo distinct alterations.
Adult tissues also differ from infant tissues in chemical composition, and it is
the purpose of this brief report to discuss some of these. Most of the data
deal with man. The compendium of Widdowson and Dickerson ! should be
consulted for greater detail.

Data on carcass analysis exist for the fetus and newborn in considerable
numbers, and there are a few for adult man. Interest in the measurement of
body composition in living subjects has stimulated the development of other
methods, including the following:

1. Total body water, as determined by D, 0, THO, antipyrine, and urea
dilution.

2. Extracellular fluid volume, as determined by inulin, thiocyanate,
thiosulfate, stable Br, or 82Br dilution; the apparent volumes of distribution
gradually increase in this series. Stable Br and 82Br can be used to estimate
total exchangeable chloride.

80
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3. Total exchangeable sodium and potassium, as determined by 2*Na and
42K dilution, respectively.
4. Total body potassium, as determined by 4°K counting.

In the newborn infant, the correspondence between total body content
determined by carcass analysis and by isotopic dilution is rather good. For the
adult this is probably true for water, but 42K and 82 Br measure only about
90 to 95% of body potassium and chloride, respectively, and the figure stands
at 70% for 2*Na because of the large reservoir of nonexchangeable sodium in
bone.® However, it is likely that the dilution methods do measure the meta-
bolically active moiety in each case. In contrast to the situation in some ani-
mals, the problem of the water and electrolyte contained within the lumen of
the gastrointestinal tract seems to be a minor one. The accuracy of the 4°K
analyses depends on the calibration of the particular whole-body counter
being used.

Attempts have been made to measure total body nitrogen and calcium by
neutron activation, but the technique is an intricate one and involves deliber-
ate exposure to neutrons.!

Table 1 presents data for the human fetus, newborn, and adult as deter-
mined by carcass analysis. Since body fat content varies considerably, and

TABLE 1 Body Composition (Fat-Free Basis) in Man at Different Stages of

Development”
Fetus at
Component 500 g Newborn Adult
H,0 (%) 87 82 72
Na (mEq/kg) 95 90 86
Cl (mEq/kg) 70 57 50
K (mEq/kg) 40 49 68
N (%) 1.40 2.25 3.31
Ca (%) 0.45 0.89 2.15

%From ‘Forbes (reference 6) and Widdowson and Dickerson (reference 11).

since neutral fat does not bind appreciable amounts of water or electrolyte,
the data are expressed on the basis of fat-free wet weight.* For the body as
a whole, the growth process involves a decline in H, O, N, and ClI contents
per unit weight, and an increase in the content of K, Na, and Ca.
Friis-Hansen? has partitioned body water into extracellular fluid (ECF)
and intracellular fluid (ICF) compartments. At birth about one half of the
total water can be accounted for as ECF; this value drops to 44% at 1 year

*The assumption that the fat-free tissues tend to exhibit a fairly constant composition in
health provides the basis for an indirect method for estimating body fat.
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and to 32% at adolescence. Thus growth is accompanied by a decreasing ratio
of ECF to ICF.

These changes are in keeping with the hypothesis that postnatal growth
takes place principally through an increase in cell size. Extracellular fluid is
the only avenue connecting the cells with the outside world, and so it must be
related in some way to the size of the cell surface. As the cell grows, surface
area increases as the square of the linear dimension, and volume increases as
the cube of the linear dimension, so that the surface:volume ratio declines. It
is tempting to postulate that this geometric circumstance accounts for the de-
cline in the ECF:ICF ratio during growth. If this is true, then geometric con-
siderations place an upper limit on body size, for body cells must possess a
certain mantle of ECF in order to function properly; and so the ultimate in
cell size, and hence body size, will be reached at a point where this mantle is
just sufficient to sustain metabolic equilibrium, at which point further growth
is impossible without cell multiplication.

Figure 1 illustrates changes in human body composition. The fetal data
represent carcass analysis, and the postnatal values indicate isotopic dilution.
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FIGURE 1 Total body content of H,0, Cl, and K in relation to age. Each point is the
average of several subjects. Symbols as follows: H,0 and K: Combined sexes @ ,
Males @D , Females © ; CI: Combined sexes Hl , Males (B , Femaies I .
From Forbes (reference 6), by permission of the publishers.
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The data are referred to total weight, which includes a variable amount of fat.
This circumstance accounts in part for the sex differences in adolescent and
adult life, and for some of the decline in potassium and chloride content in
the adult years. Women usually contain more fat than men, and the fat con-
tent rises during adult life in both sexes.

Figure 2 shows the changes in total body potassium, as estimated from 4°K
measurements, during childhood and adolescence, compared with growth in
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FIGURE 2  Median valuss for height, weight, and total body K {by 4°K) in a large
series of West German children. From Oberhausen er al. (reference 10), by permission
of suthors and publisher.

weight and height. 1 The sex difference in total body K increments is pro-
portionately greater than those for height and weight, which suggests that the
male has a relatively larger cell mass. Figure 3 shows values obtained in my
laboratory (Department of Pediatrics, University of Rochester) for lean body
mass, calculated from 4%K content on the assumption that potassium forms a
constant fraction of the lean body.” Fat is the difference between body
weight and lean body mass. Sex differences in lean body mass and fat are
readily apparent once the adolescent years are reached. The decline in body
potassium during adult life is a reflection of the erosion of the cell mass which
accompanies the aging process.
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FIGURE 3 Average values for lean body mass (LBM) and fat, calculated from 40y
measurements, in a series of children and adults (Rochester counter).

In an attempt to systematize the changes that occur in body composition,
some years ago we undertook to plot the data for total body water and elec-
trolyte against body weight on double logarithmic coordinates. Plots were
made for water, exchangeable sodium, chloride, and potassium, and in each
instance they revealed a linear relationship between body content and body
weight. Figure 4 shows such a plot for total body chloride, and those for
other constituents are available in previous publications.>° Similar plots,
with rather similar coefficients, made for other mammalian species* indicate
a good degree of interspecies correspondence.

It must be admitted that logarithmic plots tend to reduce the variability of
data—hence the graphic beauty of the plot itself. Nonetheless, the mere exist-
ence of such a relationship, imperfect though it may be, suggests that there is
a certain regularity in the change in body composition during growth. The
differential form of the linear equation log y = k log x + log b, where k and
b are constants, is dy/y = k - dx/x. This equation states simply that there is
a constant proportionality between the specific rate of change of the constitu-
ent in question () and the specific growth rate of the body as a whole (x).
When the growth rate is rapid, change in body composition is rapid, and vice
versa; and as much change in body composition occurs during a weight gain
from 1 to 10 kg as from 10 to 100 kg. Since the latter takes a much longer
time, the change is less readily apparent in the child than in the infant.
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Changes in composition of individual organs have also been studied.'!
Muscle, for instance, shows a decrease in water content and in ECF space
during growth, while potassium and nitrogen increase. At the same time, the
contribution of muscle to the total body weight increases.

Bone presents a somewhat different picture. The skeleton forms about the
same percentage of total body weight in the newborn as in the adult, and the
principal change involves maturation. As the skeleton grows, the proportion
of cartilage, which in the human newborn comprises 30% of skeletal weight,
falls almost to nothing in the adult, and it is this change that accounts in large
part for the increasing calcium content of the body.> The remainder is ac-
counted for by the increasing mineralization of bone cortex, a process that
involves a reciprocal loss of water and little, if any, change in the content of
organic matter.®

This all-too-brief resume cannot do justice to the vast amount of data now
available on the subject of body composition. Significant changes do occur
during growth, and these changes may have an influence on a number of
physiologic functions. The task for the future will be to elucidate the reasons
for such changes and the mechanisms that control the rate of change, for in
these may lie at least some of the mystery of the supervision of the growth

process itself.
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FIGURE 4 Log-log plot of total body Cl ageinst body weight. From Forbes ef al.
(reference 9), by permission of the publishers.
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Growth has been defined in many ways, and there is a diversity of opinion
concerning what it should include. A definition of growth is operational and
valuable when it is useful in solving a specific research problem, whether the
problem is concerned with the crystal formation as an organic chemical or
with the synthesis of fat or protein.

Among the physiological processes most intimately linked with the phe-
nomenon of growth are those of nitrogen metabolism. This concerns not only
the synthesis and anabolism of protein but also its interactions with other
macromolecular constituents of animal bodies for the formation and mainte-
nance of specific cells and tissues. Muscle growth, for instance, involves syn-
thesis of specific protein monomers, precise alignment of these into structural
elements peculiar to this tissue, and development of fibers according to muscle
type and function. True muscle growth might be said to continue as long as
its tissue protein increases in quantity.

The subject of this paper is very complex; it is concerned with many as-
pects of animal development and is influenced by many variables that are not
discussed because they are beyond the scope of this paper.

Changes in muscle proteins are of major interest to researchers in animal
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growth and development, and our subject matter will be imbalanced in our
discussion of changes in these constituents.

BIOCHEMICAL CHANGES IN BODY PROTEINS

CHANGES IN DNA AND RNA

Intimately associated with protein synthesis in animal cells are the contents
of deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). The relation-
ship between these constituents and protein synthesis has been adequately
reviewed during the last several years. 8:21:5%:76 These and other references
should be consulted for specific information concerning the relationship of
nucleic acids to protein synthesis.

DNA Synthesis

One approach to study of early cellular change in DNA and RNA is through
observations of compensatory growth. The mammalian liver constitutes an
excellent system in which to analyze the biochemistry of growth, and some
of the molecular aspects of compensatory growth of this and other tissues
were recently outlined by Goss.*”

The occurrence of weaning of the rat is an extremely important period of
hepatic physiology. The rate of DNA synthesis climbs rapidly during this
period,®S and there is an abundance of polyploid and binucleated cells.?”®
The adult liver, in contrast, has a very low mitotic rate and minimal DNA
synthesis. 142 The DNA of liver is probably very stable under conditions of
normal growth.

Many people have studied the synthesis of DNA during liver regeneration;
but, in general, the rate of DNA synthesis reaches a maximum between 24 and
30 hours after partial hepatectomy and subsequently declines '° to a minimal
level characteristic of resting livers after 6 to 9 days.52 In most of these studies,
DNA synthesis was found to roughly parallel mitotic change of the organs and
precede it by several hours, which indicates that DNA synthesis is prerequisite
to mitosis.

Winick and Nobel '8! reported that early prenatal growth in the rat
proceeds entirely by cell division. The rate of DNA synthesis, which pre-
sumably parallels cell division, decreases at different times for different
organs. These investigators concluded that growth in the rat from 10 days
after conception to maturity can be divided into three phases. Phase one
consists of rapid cell division with cell size remaining constant; phase two
consists of an increase in cell number and cell size as both DNA and protein
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content rise, but as a result of decrease in the rate of DNA synthesis, protein
increases out of proportion to DNA; and phase three consists of an increase
in cell size only, as DNA synthesis stops and protein continues to accumu-
late. Growth finally ceases when protein synthesis and degradation equil-
ibrate. These phases do not change abruptly, but merge gradually; this
transition probably differs for the different organs and between the various
animal species.

RNA Synthesis

According to Bell, & protein is very probably synthesized from the moment
of fertilization. How the egg prepares itself for this event is not known, but
extremely important is the time of protein synthesis relative to the supply of
ribosomal, transfer, and messenger RNA. Apparently, sea-urchin eggs, and
presumably others, are fully equipped at maturity with the three kinds of
RNA required for protein synthesis. Addition of polyribonucleotides to
cell-free extracts of unfertilized eggs promotes the incorporation of amino
acids into proteins.!%8:180 [t appears, therefore, that ribosomal and transfer
RNA are present in the unfertilized egg and are prepared to function when a
template is provided.

Winick and Nobel!8! found that total organ RNA increased from 10 days
after conception to maturity in the white rat. Except in liver, this increase is
always proportional to increase in DNA and results in an RNA:DNA ratio
that is constant for specific organs and does not vary with time.

Certain tissues such as the liver, heart, and skeletal muscle have high
RNA:DNA ratios, whereas spleen, thymus, and other tissues have low
ratios. '57 These data support the theory that tissues most actively engaged
in protein synthesis are rich in RNA. High RNA:DNA ratios occur early in
development, long before the observation of high protein:DNA ratios.

According to Goss, *7 in the partially hepatectomized animal, RNA syn-
thesis in the liver is initiated very soon after the operation, even before DNA
synthesis and mitosis begin. It reaches a maximum coincident with the
maximum for DNA synthesis and mitosis and does not subside to normal
levels of production until the liver is completely restored. Goss concluded
that RNA synthesis is a good indication of the anabolic activity of the liver,
and the same is probably true for other cells.

CHANGES IN BLOOD PROTEINS

A comprehensive review of the development of nonenzymatic proteins in
relation to functional differentiation was published by Solomon. !5° An
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important part of his paper includes discussion of change in serum proteins,
changes in hemoglobin, and changes in proteins associated with immune re-
actions during development of animals. Many of the former group of pro-
teins are synthesized by the liver, and their production can be used as an
indication of liver development.

Serum Proteins

Solomon!5? cited several examples of proteins that are present in the serum

only during embryonic development and that are characteristic of individual
species of animals. The best example is calf fetuin, which was discovered
by Pedersen. '35 There is a high concentration of fetuin in the sera of the
newborn calf, but little in the sera of the adult.

The total serum proteins are present at a very low level in the newborn rat,
and they increase rapidly to 78% of adult level within 3 weeks.!5? In this
species, the albumin fraction increases rapidly after birth. 63

Several types of serum proteins are associated with chick embryonic tissue.
Between 10 and 20 days’ incubation, &, -globulin-E decreases in content.
There is little or no consistent appearance of a,-globulin until hatching, and
then it remains at the adult level. Albumin does not appear as a distinct elec-
trophoretic component until 9 to 11 days and may be derived from the o,-
globulin-E fraction, 148:175

A fetuin-like fraction has also been found in pig blood; it migrated electro-
phoretically like a-globulin and decreased from 50 to 30% during fetal de-
velopment.!*® The serum of the newborn pig is unusual in that it has a very
low percentage of albumin (2%), which is one sixth that of the newborn calf,
kid, and lamb. In the suckled pig, serum rises to a maximal value of 61% at
4 weeks of age. As soon as suckling begins, there is a tremendous increase in
-globulin because of ingestion of clostral proteins via the gut, and this con-
stituent was found to reach adult maximum at 2 to 6 months of age.'!!

The blood proteins of goats and sheep develop similarly. A fetuin-like
component decreased from 13 to 6% during gestation. During this period,
albumin increased from 20 to 40%, and the globulin fraction increased from
10 to 24% of this total protein.’

Serum proteins of the newborn calf contain only a small percentage of
B-globulin (6%) but larger percentages of a-globulin (37%) and albumin (57%).
As one would expect, after suckling there is a rapid increase in the y-globulin
level with compensating decreases in albumin and a-globulins.”® 7y-Globulin
has been detected in the human fetus as early as 9 weeks of gestation, and it
increases along with other globulin proteins during the last 6 months of gesta-
tion.'* It has been reported to decrease to minimal values between birth and

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=20255

Body Composition in Animals and Man: Proceedings of a Symposium Held May 4, 5, and 6, 1967, at the University
http://www.nap.edu/catalog.php?record_id=20255

CHANGES IN PROTEIN DURING GROWTH 91

3 to 4 months of age, then slowly increase to mean adult levels at 3 to 5
years.128 The percentage of albumin in human blood was found to diminish
until birth, then gradually increase.!3® However, the absolute quantities of
albumin increased during these periods because of the net increase in total
blood proteins.! !4

The synthesis of plasma proteins by the regenerating of liver is made pos-
sible by mobilization of RNA and amino acids, but the residual liver cell
preferentially produces more cells, and only after a substantial amount of
tissue has been replaced do they manufacture plasma proteins predominantly.4?

Thus, after partial hepatectomy, only the concentration of plasma proteins
decreases, and this is accompanied by a decrease in plasma as well as blood-cell
volume.!°!

Hemoglobins

The ontogeny of three types of human hemoglobins consists of the appearance
and early disappearance by 9 to 10 weeks of gestation of embryonic types of
hemoglobins. Fetal hemoglobin in the young embryo is slowly replaced by
adult hemoglobin. This replacement does not begin until around 13 weeks of
gestation. After 8 months of gestation the adult hemoglobin represents only
10% of the total hemoglobin; but, subsequently, there is a rapid rise in adult
hemoglobin which reaches 30% in the newborn infant. Fetal hemoglobin also
disappears rather slowly after birth in goats, sheep, cattle, and monkeys. Con-
versely, the newborn rabbit and the hatching chick have no fetal hemoglobin.
Fetal forms of hemoglobin have not been observed in cat, pig, or horse.!5°

Another important aspect of hemoglobin production is hemin synthesis,
which has been studied extensively in recent years.*? Data published by
Moser and Flickinger!!® indicate that the addition of RNA to minced frog
embryo tissue consistently stimulated the level of heme synthesis. Stimulation
was also evoked by a mixture of the four ribonucleosides, and the mechanism
probably involved production of enzymes responsible for iron porphyrin syn-
thesis.

CHANGES IN MYOFIBRILLAR PROTEINS

Origin of Muscle Tissue

Information on the origin of muscle tissue and the manner in which it is
assembled is difficult to find, but some pertinent information has been pub-
lished. There are considerable differences of opinion concerning how the
muscle cell is formed and how myofibrils accumulate. For several reasons,
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described by Dreyfus et al., 3! the protein biosynthesis of muscle is seldom
studied. It is difficult to obtain pure nuclei from muscle because they sedi-
ment with the bulk of the myofibrils and because muscle is relatively poor in
mitochondria and ribosomes and is difficult to homogenize without damaging
the subcellular particles. The fact that muscle is poor in ribosomes and RNA
partially accounts for the low synthesis of protein in muscle compared with
other tissues.

The primitive embryonic cell that gives origin to muscle cells is the myo-
blast. Myoblasts that give rise to skeletal muscle fibers are apparently derived
from mesenchyme and myotomes.!??26 In striated-muscle fiber formation,
the myoblasts begin to elongate and eventually produce cylinder-like struc-
tures. As the cell continues to grow, the nuclei increase in number and are
centrally located. As the myofibrils increase in number, the nuclei move
peripherally.!26

Moscona, '8 from the study of myogenic cells of the chick embryo, cited
indirect evidence that cytoplasmic granules may be the precursors of myo-
fibrils. Characteristic granular inclusions were observed in the cytoplasm
during early phases of cytodifferentiation.

The first fibrils formed are unstriated, and dots that delineate each sarco-
mere appear before the fibrils form tubes.3? In mammals, the myofibrils just
beneath the sarcolemma, that is, those forming the periphery of muscle fiber,
are the first to become striated.

It is generally believed that after the second half of the intrauterine life,
muscles increase in size by increasing the size of their fibers rather than the
number; however, Goldspink*5 found that the number of muscle fibers in
the bicep branchii of the albino mouse increased until they weighed 8 g. At
this stage, differentiation of muscle tissue was complete. Subsequent muscle
development with age or exercise was due to increase in the fiber diameter.

During embryonic development, fibrils grow in length from each end in
complete sarcomere units.”® After birth, the number of sarcomeres per fibril
remains constant, and fiber length is increased by increasing the length of

existing sarcomeres.*$

Protein Synthesis and Turnover

McLean et al. 193 have shown that in muscle, mitochondria are as active as
microsomes in the incorporation of isotopic amino acids into protein. Their
results were further borne out by the ability of isolated muscle mitochondria
to incorporate amino acids into proteins. !%* Amino acid uptake by isolated
mitochondria was found to be dependent upon the supply of adenosine tri-
phosphate which could be generated by oxidative phosphorylation or by
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added adenosine triphosphate generating systems. Incorporation was also
aided by the presence of magnesium ion and was stimulated by pancreatic
ribonuclease. This evidence has been supplemented by data that indicate that
mitochondria of rat liver incorporate amino acids into proteins to a small ex-
tent 145:166

It is possible that myofibrils can themselves synthesize proteins. In this re-
gard, Perry and Zydowo! 37 isolated a ribonucleoprotein from myofibrils of
chicken and rabbit skeletal muscle. The presence of ribonucleoprotein is par-
ticularly marked in tropomyosin which comes from a variety of species and
muscle types as a crystallizable complex, nucleotropomyosin containing up to
20% of nucleic acid.5® Smaller amounts of RNA have been reported in puri-
fied myosin preparations.'!®

A number of workers, including Caspersson and Thorell,2° have produced
cytochemical evidence that nucleic acid is localized in the myofibrils. The
evidence cited diminishes the possibility that nuclear contamination contributes
more than a small fraction of the total myofibrillar RNA, but is inconclusive as
to whether the RNA is part of the filamentous structure of the myofibril or is
localized in some other cytoplasmic element such as the sarcoplasmic reticulum.

Studies by Winnick and Winnick,!®2 who used labeled adenine and *4C-
labeled amino acids to determine the rate of formation of skeletal-muscle
protein, support the view that considerable amounts of the myofibrillar pro-
teins were derived from mitochondria and microsomes. However, the possi-
bility that myofibrils themselves participate in protein synthesis was not
excluded. A nucleoprotein fraction separated from myofibrillar protein was
found to concentrate certain isotopic-amino acids.

Regardless of the exact mechanism of protein synthesis in muscle, the con-
sensus is that it is in a state of dynamic equilibrium with other body protein
synthesis. Shemin and Rittenberg !4 showed that muscle proteins can be
divided into two groups: the rapidly metabolized and the slowly metabolized.
A third group, the inert proteins, was added by Dreyfus et al.3! The first group
includes aldolases and other sarcoplasmic proteins, and the second group in-
cludes proteins of the myofibrils. The third group, of course, includes col-
lagen, elastin, and reticulin.

The half-life of mouse muscle aldolase was found by Schapira et al. 147
using !4C-tagging, to be 20 days. This enzyme undergoes molecular turnover
according to the law of dynamic equilibrium. 3! There are changes between
free and bound amino acids, which may or may not involve complete hydroly-
sis and synthesis of the protein molecules. Other water-soluble proteins ex-
hibited an exponential-like decrease in radioactivity for about 80 days.

In animals fed a diet containing 24% of protein, the incorporation of
14C_glycine into myosin was maximal by the 36th hour; the radioactivity of
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myosin remained constant until about the 30th day and then decreased to a
lower plateau. Similar results were obtained with *C-valine. Since the
radioactivity of myosin is very similar to that of the total myofibrillar protein,
the curve for the radioactivity of myosin apparently reflects the life-span of
the myofibrils.

Dreyfus et al.3! concluded that the myofibrils display a well-defined life-
span of about 30 days (the life-span for mice myofibrils is 20 days). The
authors concluded that myosin is relatively inert and its metabolic behavior
can be compared with hemoglobin. If the radioactive-free glycine was diluted
by the use of high-protein diet, the myosin molecule had a slow but definite
molecular turnover.

Simpson and Velick !¢ and Heimberg and Velick,%? using ! *C-amino
acids, found that certain sarcoplasmic proteins were synthesized from the
same amino acid pool although the turnover rates differed. All of the peptide
bonds in labeled enzyme molecules were formed within a relatively short time,
although the rate at which the total pool of a given enzyme in muscle was re-
placed was slow. This work was extended to include myofibrillar proteins,!6°
and it was concluded that H-meromyosin, actin, and the glycolytic enzymes
were synthesized from the same amino acid precursor pools. Further, it was
suggested that subunits of myosin (H- and L-meromyosins) were synthesized
independently and that they turn over metabolically at different rates.

During the study of myosin from rats, Kruh et al.?7 found very little over-
all decay of radioactivity after injection of !#C-amino acids, but they observed
turnover of amino acids. Evidence favored the view that glycine and phenyl-
alanine were transformed into serine and tyrosine after having been incorpo-
rated into myosin. A three-step mechanism for the metabolism of radioactive
amino acids in this protein was described. After incorporation into protein,
the amino acids were liberated and passed through a pool, not mixed with the
general pool, and were later reincorporated into the protein chain. The turn-
over was presumed to be purely internal (i.e., within the myofibrils) and was
not involved in the general metabolic turnover of the rest of the body because
there was no over-all decay in the radioactivity of myosin.

Effect of Hormones

Growth hormones Protein metabolism is acutely affected by hormones.
The action of growth hormone on protein synthesis has been adequately re-
viewed by Korner,%3 who concluded that the hormone controls the ability of
liver microsomes to assemble amino acids into peptide chains. The changes
found in the microsomes as a result of hormone treatment of the rat could be
accounted for entirely by changes in the ribosomal part of the microsomes.
There is also evidence®3 that growth hormone exerts its protein anabolic
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effect by stimulating the secretion of insulin from the (-cells of the islets of
Langerhans. Insulin has also been found to stimulate incorporation of pre-
cursors into RNA '8 and amino acids into liver protein.!3¢

Evidence has been supplied 3*7° that urinary hydroxyproline is increased
by growth hormone. This increase is probably related to formation of new
collagenous tissue. Collagen content in muscle of rats has also been shown to
depend upon the presence of growth hormone. Myosin, on the other hand,
requires the presence of growth hormone and thyroxin for its synthesis.
Thyroxin alone increases myosin deposition in muscle but has no effect on
colla%?ll in muscle, bone, or skin of thyroidectomized-hypophysectomized
rats.

Androgens The administration of testosterone and several other steroid
hormones markedly decreases nitrogen excretion and increases protein depo-
sition in kidney, liver, muscle, and accessory sex tissue. 8 The precise mecha-
nism of this protein-anabolic action has not been fully explained, but Wilson 78
demonstrated that the primary effect was on the conversion of soluble RNA-
amino complexes to microsomal ribonucleoprotein. The effect apparently
was localized in the microsome, although the ultimate mechanism by which
this physiological action is measured awaits explanation. A similar study by
Kassenaar et al.32 is compatible with the concept that androgens stimulate
release of messenger RNA and act at the ribosomal level.

Kochakian®® recently described studies concerning regulation of growth
by androgens. Growth was qualified in terms of changes in nitrogen balance,
changes in body weight, and changes in weight of skeletal muscle. A positive
nitrogen balance was produced within 24 hours in the dog by the administra-
tion of an extract of male urine, and the administration of testosterone pro-
pionate to the castrate rat diminished urinary nitrogen excretion within 24
hours. The normal rat was less responsive and required a higher dose of
androgen.%®

The administration of growth hormone to the nonhypophysectomized
castrate rat at maximal dose level produced a response in nitrogen excretion
and change in body weight practically identical with that of the androgen.
The simultaneous administration of growth hormone and testosterone pro-
pionate to the castrate rat resulted in summation of their effects on nitrogen
balance and increased body weight. The induced protein synthesis occurred
primarily in muscle, but the liver, kidney, seminal vesicles, and prostate were
also affected. Apparently the two hormones have separate and nonconflicting
roles in regulating protein metabolism.

Kochakian et al. °2 found that the decrease in rate of growth of muscles in
the rat after castration was proportionate to the decrease in rate of animal
growth. Administration of testosterone propionate reversed the effects of
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castration. Korner and Young®* found that methyl androstenediol increased
the body weights of rats with a parallel increase in the weights of several
skeletal muscles. The protein content changed in proportion to weight.

Certain skeletal muscles of the guinea pig were found markedly dependent
upon androgens for full development. !33 These results were confirmed and
extended to heart muscle of the guinea pig.®! The weight changes after cas-
tration and treatment with androgen were accompanied by proportionate
changes in protein.

The myosins, collagens, and sarcoplasmic proteins of the guinea pig tem-
poral muscle decreased after castration and could be restored by testoster-
one,'52 but these effects were not demonstrable with the thigh muscles of
the male rat.'S3 Likewise, the myoglobin content of some of these muscles
was unchanged by the above treatments.

The amino acid activating step in protein synthesis apparently is important
in the protein anabolic action of androgens. The specific activities of the
amino acid activating enzymes of the temporal muscle of guinea pigs changed
because of the absence or presence of androgen. The effect appeared to be
relatively the same for each enzyme studied, and in each case it paralleled
changes in the weight of this muscle. Incorporation of !#C-leucine and !“C-
phenylalanine into protein by a microsomal preparation was decreased by
castration and increased to above normal by testosterone administration. *°
These results were confirmed by Breuer and Florini, !> who demonstrated that
androgen administration restored protein synthesis. Cell-free preparations of
ribosomes were affected by androgen administration in conversion of amino
acids to protein. Androgen administration restored protein synthesis to
normal.

Estrogens In contrast to the response of skeletal muscle to androgens,
estrogens appear to influence smooth musculature of the reproductive organs.
Muscular hypertrophy of the uterine wall due to estrogenic stimulation has
been discussed in detail,2* and similar results have been observed in many
cases in the oviduct as well as in the muscular parts of the male reproductive
organs, 164

The influence of orally administered stilbestrol on connective tissues of
lamb skeletal muscle has been studied by McIntosh et al., 1°2 who observed
that the hormone increased the connective tissue content in direct proportion
to its concentration. There was also evidence that stilbestrol increased the
collagen content in skin. The latter results are similar to those of Anastas-
siadis et al.,! who found that estrogen increased the collagen content of the
skin of immature pullets.
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During studies of regulation of protein synthesis by androgens and estro-
gen, Wilson!7® concluded that the acceleration of protein synthesis in acces-
sory sex tissue of the rat by these hormones is due to enhancement of peptide
bonding of soluble RNA-amino acids to form microsomal ribonucleoprotein.
Since this mechanism of stimulation is closely associated with that described
for growth hormone, it is possible that the mechanism of protein synthesis
stimulation by sex hormones is also involved directly with the activity of
growth hormones. Studies cited above for androgen, however, would indicate
that this is not necessarily the case.

CHANGES IN ENZYMES

Excellent reviews of enzyme development in relation to functional differentia-
tion have been published by Moog !!3 and by Beckett and Bourne.” These
reviews should be referred to for specific information on this subject.

Organ Tissue

The activities of several enzymes increase extensively in chick embryonic tis-
sues. Peptidase increases sixteenfold during the first 5 to 7 days and thereafter
only slightly.!5® Cytochrome oxidase and succinic dehydrogenase activity rise
steadily from 7 to 20 days.2? Malic, glutamic, and lactic acid dehydrogenases
rise twofold to threefold between 7 and 15 days, then decline sharply.!58

An important aspect of enzyme development in animals is concerned with
the glycogen-storage function of the liver. It was found several years ago 26
that glycogen appears in chick liver during the first week when previously high
mitotic activity falls to a low level. In the fetal guinea pig liver, glycogen is
not detectable until 56 days.%! It then is produced very rapidly to term and
decreases almost to zero again. Thereafter, it begins to accumulate. Uridylic
diphosphoglucose (UDP)-glucosyl-transferase also increases from about 58 days
to term when it plateaus at its adult value. UDP-glucose-pyrophosphorylase
also rises at about the same time, and phosphorylase increases about fivefold
from 64 days after conception to 2 days after birth, then declines. *°

The human infant can oxidize phenylalanine and tyrosine at birth, but the
premature infant is unable to do s0.%¢ The fetal rat, rabbit, pig, ®® and guinea
pig*® are likewise unable to catalyze oxidation of these amino acids. The
necessary enzymes are usually produced in these animals shortly after birth.

Although there are numerous enzymes in the kidney at birth in most
species of animals, they are low in functional activity. The over-all picture is
one of immaturity, but in many animals the kidney is not completely de-
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veloped at birth. Although enzymes are in short supply during the period of
dependent infancy, their activities are accelerated tremendously upon require-
ment when the animal is capable of independent maintenance.!!3

The small intestine, like other parts of the gastrointestinal tract, begins
full-scale enzyme activity immediately after birth or hatching. Thereafter, the
enzyme systems develop coincidentally with requirements for converting foods
to digestible materials. These enzymes, like many others in animal tissues, be-
gin to accumulate in anticipation of their biochemical functions. }!3

Muscle Cells

Myosin is a rather unusual protein in that it serves as muscle structural ma-
terial, part of the contractile protein, and as an enzyme. A major question
would be concerned with the point in the development of the animals at which
these activities begin to function.

Ebert34 used an immunochemical procedure to determine when cardiac
myosin first appeared in the chick embryo. He demonstrated that a cross-
reactive substance is distributed in the epiblast at stage three (early primitive
streak) but is limited to the heart-forming areas by the time the head process
appears. Actin is not found before the head-process stage, when it, too, is
localized in the heart-forming areas. 3% These results did not indicate whether
myosin on first appearance was enzymatically competent or whether the en-
zymatic site differentiates independently of the antigenic site. However,
Klein®7 was able to detect myosin-associated adenosinetriphosphatase activity
2% days after the heart had begun to pulsate, but more sensitive measures are
needed to determine the early development of these proteins.

Skeletal-muscle myosin seems to appear later than the cardiac variety.
Holtzer et al.”* demonstrated the presence of myosin in brachial somes of
the latter after about 52 hours. The antibody was clearly localized on myo-
fibrils that were shown to be present earlier than can be seen with iron-
hematoxylin staining. Contraction or addition of adenosine triphosphate
(ATP) to glycerinated myoblasts was not observed until stage 21.7%

A material reacting with antiserum to adult myosin or actomyosin was
demonstrated in tailbud stages of both Rana pipiens and Triturus shortly be-
fore the beginning of movement.!2® Adenosinetriphosphatase activity ap-
parently begins at about the same stage in Rana pipiens.®

Even though the antigenic properties of larval and adult actomyosin of
Rana pipiens were found to be similar,!2? the adenosinetriphosphatase of
proteins from the two sources was strikingly different. The adenosinetri-
phosphatase activity of the larval enzyme was activated by both Mg 2* and
Ca?* at both high and low KCI concentrations; whereas adult actomyosin was
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affected only at low salt concentrations in the presence of Ca2*, a pH opti-
mum between 7 and 8 was found for the larval enzyme, and one between 9
and 10 was found for the adult enzyme. The larval enzyme had adenylpyro-
phosphate activity, opposed to strict adenosinetriphosphatase activity of the
adult form. At the free-swimming tadpole stage, the specific activity was
almost three times that of adult actomyosin. The shift to adult character-
istics occurred just before metamorphosis.

Actomyosin accumulated rapidly in the chick embryo, rising from about
10 mg per g of leg muscle at 10 days to about 25 mg per g at hatching; the
adult maximum of 60 mg per g is attained gradually.25+%7 The myofibrillar
fraction of breast muscle increases about the same magnitude during the first
month after hatching.'*3 The Ca%* adenosinetriphosphatase activity of the
myofibrillar proteins aimost doubled between the thirteenth day and hatch-
ing.'** The adenosinetriphosphatase activity per gram of total muscle protein
increases gradually after hatching.

Herrman ez al. ©° reported the occurrence of myosin in the rat with weak
adenosinetriphosphatase activity as early as the fourteenth day. Although
de Villafranca®® was unable to find myosin at 15 days, he could demonstrate
contraction at 16 days; at 19 days, myosin was easily detected. The specific
activity of adenosinetriphosphatase increased rapidly from day 19 in utero to
20 days after birth and continued to increase at a slower rate. Myosin con-

tinued to accumulate relative to whole-muscle growth until adulthood. %8
These studies indicate that there is clearly a differentiation of myosin

during growth with respect to both level and characteristics of adenosinetri-
phosphatase activity. Both of these obviously could be influenced by changes
in the H-meromyosin fraction of myosin. Robinson!%* reported that water
extracts of chick leg muscle in the late embryonic stages have adenosinetri-
phosphatase with chemical characteristics like those associated with myo-
fibrillar adenosinetriphosphatase. At the cytochemical level, material reacting
with fluorescent antimyosin is at first diffused throughout the myofibril but
later assumes a banded pattern in which only the A-bands react.3%74

THE MORPHOGENESIS OF FIBROUS PROTEINS

The cellular biosynthesis of animal proteins has been extensively studied

during the past several years, and a discussion of this subject is beyond the

scope of this paper. Considerably less is known about the biosynthesis of

protein fibers, but this, too, has received much recent attention. It has been

well established that the biogenesis of certain types of protein fibers in vitro

is the result of polymerization or aggregation of precursor macromolecules.'®
Aggregation of rather large units has been suggested for F-actin'3 and for
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F-insulin.’3* Other proteins believed to be formed by aggregation include
collagen,5? keratin,*! feather keratin,? fibroin, °® trypsinogen, 5! paramyo-
sin,”? and meromyosin. 139

The polymerization mechanism leading to fibrillar protein structure has
been studied in several model systems.'® The general morphology of the
process of aggregation of globular proteins was discussed by Pauling,!3* who
described the aggregation of protein monomers as follows: The compact
particle formed of a single folded polypeptide chain is asymmetrical and,
therefore, slight change in structure or environment, or both, may lead to
aggregation of the monomer. The structural changes necessary to bring about
the change may be slight (oxidation, reduction, or removal of side chains) or
extensive (unfolding of the monomeric polypeptide for example). During
some stage of the process of structural modification, monomeric molecules
develop complementary regions with sufficient energy (20 kcal/mole) of
interaction to form a bond. A single bond such as a -S-S bond would serve
to hold the two protein molecules together, but other forms, such as van der
Waals forces, hydrogen bonds, and electrostatic attraction, may also be in-
volved.

From the study of a variety of proteins, it is evident that polymerization
may be due to various and different mechanisms. 1*° Tropomyosin, a protein
complex with pentosenucleic acid,’ > has globulin-like properties suggesting
an asymmetrically distributed electrical charge. In solution free from salt it
undergoes end-to-end aggregation with a resultant large rise in viscosity.
Hexamers are formed, which result in a length-to-width ratio of about 20:1
for the individual particle.®® The bond is purely electrostatic, as indicated by
the immediate fall in relative viscosity when salt is added to a salt-free sol. In
this particular protein, the absence of terminal amino groups suggests that the
monomer is cyclic polypeptide.

The polymerization of actin, on the other hand, depends on an entirely
different mechanism. The monomers appear to be linked through the nucleo-
tide prosthetic group of the molecules by a divalent metallic ion. In the
presence of strong chelating agents, such as ethylenediamine-tetraacetic acid
which removes all traces of metallic ions from the protein, the monomer
alone is present.!8” Dissociation also occurs at high pH, probably as a result
of electrostatic repulsion between monomers when a high proportion of the
acidic groups are ionized. The ultrastructures of these fibers have been
thoroughly investigated by Hanson and Lowy .6°

In the case of myosin, the monomer is extremely complex, and the unit
appears to contain both cyclic and open chains. The myosin monomer is an
elongated structure with a length of about 1,600 A and a diameter of 20 to
40 A.186 The molecule consists of a rod-shaped, 2- or 3-stranded!°° helical
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coil 15 A in diameter and 1,300 A in length and a globular head 40 A in
diameter and 350 A in length.'¥? The head is envisioned as consisting of
three polypeptide chains folded in tertiary structure characteristic of an
elongated globular protein.!®5 Lateral as well as end-to-end aggregations
occur in solution, and possibly disulfide bonds between cysteine residues
participate in polymerization. It can be assumed that on either side of the
center of the filament, myosin molecules are laid down with opposite polarity,
the head end always being oriented away from the center.”$

CHANGES IN COLLAGEN

The best example for the formation of morphologically specific structure
from precursors produced at the macromolecular level has been offered in the
physical-chemical studies of collagen. Recent studies have been revealing in
terms of the structure of collagen and have added much to the clarification of
the mechanism of in vitro fibrogenesis, which possibly relates to the in vivo
physiological process. Observations on the production of different morpho-
logical forms of collagen by controlling conditions of pH and ionic strength
and by the addition of different noncollagenous substances may be extremely
important to problems of morphogenesis of organisms.56-7%:150

The most common characteristic of collagen fibrils is an axial periodicity
of about 640 A with detailed intraperiod fine structure, which can be observed
with the electron microscope and detected by x-ray diffraction in collagen
fibers of most phyla, ranging from sponges to mammals. 56-1°7 Electron-
microscopic analysis of several structural forms of collagen reconstituted from
solution led Gross et al 5% to characterize the unit building block or molecule
as tropocollagen. This molecule was considered to be approximately 3,000 A
long and about 50 A wide. Physical-chemical studies by Boedtker and Doty®
confirmed the existence of this particle in solution. It has been suggested that
the manner in which these highly asymmetric particles lined up gave rise to
different forms of collagen.5*

Collagens from various sources can be dissolved at acid, neutral, and moder-
ately alkaline pH without apparent degradation of the molecule. $3:57:71:130
These collagens can then be precipitated from solution by various procedures
such as dialysis, slight heating, neutralization, or addition of salt. Important
factors determining the kind of structure obtained are collagen concentration,
the amount and kind of salt added, pH, and temperature. 5¢

Three natural forms of collagen fibers have been reconstituted: those
having a normal axial period of 640 A, those having an axial period of 220 A,
and those having no periodicity. These are also interconvertible under appro-
priate conditions. Two other unusual forms have been observed by Highberger
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etal’! The “fibrous long spacing” (FLS) collagen has an axial period of
about 2,400 A and can be produced by the addition of a-acid glycoprotein
of blood serum to a solution of acid-extracted collagen followed by dialysis
against water.”! It is convertible to collagen having the 640-A period by dis-
solving in acid and dialyzing against saline. The use of less glycoprotein results
in formation of a mixture of FLS and 640-A-type fibrils. Lower concentra-
tion resulted in formation of the usual 640-A-type fibrils only. Morphogeneti-
cally, these results are important because two radically different structural
forms could be produced by interaction of two molecular species simply by
altering the concentration of one of them.

Another unnatural structural type of collagen was discovered in precipita-
tion of a neutral phosphate extract of fresh connective tissue. 3¢ This type
took the form of short segments of crystallites of varying width having aver-
age lengths of 240 A. They were called “segment long spacing” (SLS), and
they contain ATP.

Many different agents can cause the formation of FLS collagen. Among
these agents are thrombin, mushroom tyrosinase, Clostridium collagenase,
chondroitin sulfate, sulfated dextrin, and gum arabic. The common factor
responsible for FLS-inducing properties is still unknown. 5%

The collagen fibers of newborn animals usually are small and are sur-
rounded by viscous mucopolysaccharide ground substance. The growth of
these fibers can possibly proceed in two phases. The tropocollagen monomers
aggregate in the axial direction, then grow in thickness by apposition.!”® The
growth of collagen fiber has been described in microscopic and electron-
microscopic studies of Linke.%?

An actual scheme of fibrogenesis was proposed by Jackson.”” The fibro-
blast apparently synthesizes the fiber precursor tropocollagen described
above. This is secreted by the fibroblast into the extracellular space. These
submicroscopic fibrils can accumulate monomers by aggregation in the axial
direction and can grow in thickness by apposition to form visible histocollagen,
which is citrate-soluble and contains fairly strong cross lengths. Further, par-
ticles of neutral salt-soluble collagen are added on, making the fibers thicker
and longer. The cross-length core of these fibers may be strong and may in-
clude mucoprotein, now extractable only with alkali.!! Outer fibers most
recently laid down may still have very weak cross-links and are still soluble in
citrate buffer. Finally, the whole fiber matures with age and the cross-linkage
increases in strength; hence, the proportion soluble in citrate buffer decreases.

At present, the best founded theory for the aging of collagen seems to be
that in the stable and nonmetabolizing mature collagen macromolecules the
number of hydrogen bonds increases, possibly through physical factors asso-
ciated with Brownian molecular movement. In addition, substances may exist
that speed up the process of aging by increasing the cross-linking, perhaps by
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the formation of ester cross bonds. These might be either intrinsic or extrinsic
factors. 170

Despite the fact that aged collagen is considered essentially inert metaboli-
cally, there apparently is some turnover of this protein in certain tissues even
in the adult animal. Carniero,!” using 3H-proline and radioautographic proce-
dures, concluded that collagen in the periodonate membrane (the ligament
attaching teeth to the alveolus) turns over rapidly compared with other tis-
sues such as bones, cementum, and dentine. Of several tissues studied by Kao
et al. 2! including aorta, skin, tendon, and uterus, only the latter showed ap-
preciable synthesis and turnover of collagen.

Collagen is a major organic component of bone and cartilage and of dentine
of teeth. Bone develops by transformation of connective tissue into calcified
connective tissue and can be considered as crystalline collagen, which is inti-
mately associated with hydroxyapatite and calcium phosphate.!?® Undoubt-
edly, the growth of collagen in bone is similar to that proposed above for the
development of fibrils; but in bone, collagen has the ability to react with
minerals to form organic~-inorganic matrices. Despite extensive investigation,
the arrangement of the collagen fibrillar bundles in the lamellar system has
not yet been completely elucidated.*3-44

Osteoblasts are connective-tissue cells that produce bone. Examination of
sections of bones from growing animals sacrificed 30 minutes after injection
of labeled 3H-glycine reveals the label principally in osteoblasts. Four hours
later the labeled product is located principally in bone adjacent to osteoblasts.
Seven to 45 days later, the labeled product is farther from the osteoblasts be-
cause of progressive cellular activity.!® 45Ca and 3P injected into growing
animals resulted in concentration of mineral near osteoblasts, but labeled
minerals were not confined to this region. These and similar results indicate
that continuous exchange of minerals occurs normally in bone.

Tonna'®® recently described a series of radioautographic studies of mice 5
to 52 weeks of age in which tritiated amino acids were used. A distinctive
pattern of protein synthesis was observed among the periosteal and endosteal
surface of bone, which accounted for the familiar growth and remodeling dy-
namics of the skeleton. Collagen synthesis diminished significantly after bone
formation and growth ceased. The activity diminished further as aging pro-
gressed; and active protein synthesis by old periosteal cells, even when trauma-
tized, was not observed. Following trauma, however, activation of periosteal-
cell proliferation resulted from an increased population of both bone and
cartilage cells capable of intense protein synthesis at the site of trauma and
along the entire shaft.

Several investigators have concluded that collagen turnover in tissues is
low, but it is somewhat greater in bone than in other tissues. Neuberger,‘"
using '%C-glycine as a tracer, found that collagen turnover was almost 3 times
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as great in bone of old rats as in tendon from the same animals. In young
animals, the turnover of collagen in bone was about 6 times as great as that in
tendon and about twice as great as that in skin. Over all, it was found that
collagen turnover was quite low compared with that of other proteins.

QUANTITATIVE CHANGES IN BODY PROTEINS

CHANGES IN INDIVIDUAL MUSCLE PROTEINS

Data in the literature indicate that there is an increase in intracellular protein
during growth. The relative changes in muscle proteins with age are somewhat
consistent in various mammals as reported by different investigators and sum-
marized in Table 1.3%:46:65 Robinson'?3 found that total protein nitrogen

TABLE 1 Growth Changes in Concentration of Structural Proteins in
Mammalian Skeletal Muscle (g/100 g tissue)®

Immature Adult

Species and Refsrence sp? mp° sp® mp€
Human30 3.2 11.0 43 12.8
Pig30 3.5 10.6 5.2 12.8
Cattie®’ 5.0 8.4 5.3 13.0
Rat®S - - 4.5 115
Rat*® 4.1 10.0 5.2 11.2
%From Gordon et ¢L46

Sarcoplasmic protein.
“Myofibrillar protein.

per 100 g of muscle in chicken increased progressively from birth and leveled
off at 100 g of weight. Myofibrillar protein represented an increasingly larger
proportion of the total protein, whereas percentage of sarcoplasmic protein
decreased during growth. The rapid increase in actomyosin during the first
month of growth in chicks was confirmed by Herrmann. %’

This type of study was extended to human and porcine muscle by Dicker-
son and Widdowson,3® who quantitated changes in all nitrogen constituents of
“thigh” muscle during growth and development. Nonprotein nitrogen attained
adult levels by the age of 4 to 7 months in man and by. the age of 4 to 6 weeks
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in porcine (3.2 and 4.1 g/kg of fresh tissue, respectively). The concentration
of total protein nitrogen increased to the same minimal level (28 g/kg of fresh
tissue) during development of both species, even though the newborn human
had a higher initial concentration than swine. During fetal life, the concentra-
tion of sarcoplasmic proteins changed very little in human muscle but appar-
ently decreased in porcine muscle. Postnatally, the concentration of sarco-
plasmic protein nitrogen increased in both species. Concentration (grams per
kilogram) of fibrillar protein nitrogen increased with age and was greater than
that of sarcoplasmic protein during most stages of development. Most changes
in quantity of fibrillar proteins occurred within 4 to 6 weeks in the swine, but
in man increases were evident after 7 months. Changes in the protein compo-
nents of the muscle cell continued to occur in both species until maturity.
The myofibrillar proteins were more concentrated than the sarcoplasmic-
protein portion at most stages of development in the human and porcine
muscle.

Maximal values of extracellular protein nitrogen in muscles were 4.6 and
3.2 g/kg of fresh muscle tissue for humans and swine, respectively, during the
suckling period. These values declined to about 1.1 g/kg of fresh tissue in
adult muscle and were very similar in the two species. The change in collagen
nitrogen paralleled changes in extracellular nitrogen. These changes in the
proportions of the protein fractions are basically the same as those reported
in developing chick muscle by Robinson'*3 and Dickerson.?? In the human,
the swine, and the chick, nitrogen contributed by the extracellular fraction
increased to a maximum and subsequently decreased to a lower level in the
adult. It has been theorized3® that extracellular protein increases while cells
are increasing in number and decreases while cells are increasing in size. The
extracellular proteins are distributed in skeletal muscle as endomysium, peri-
mysium, and epimysium around the individual fibers, fasciculi, and muscle
bundles, respectively.

Nucleoprotein comprises a large percentage of protein during early develop-
ment of animals. The larger nuclei in prenatal muscle cells represent a higher
nuclear-to-cytoplasmic ratio than in more mature cells. It is logical to assume
that the nucleus has a greater influence on the composition of the cell during
early gestation than in early postnatal or adult cells. Robinson'** found that
in 10-g chick embryos as much as 66% of the nitrogen of the muscle fibrillar
fraction came from nucleoproteins.

Data concerning changes in muscle proteins during growth of cattle were
discussed in detail by Helander.%5 Later, Helander®® reviewed changes in pro-
teins of several species of animals, but was particularly concerned with the
effects of activity on muscle development. Helander pointed out the difficulty
associated with ascribing age periods of animals when studying muscle develop-
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ment, because exercise and certain pathological conditions are also important.
It was concluded that exercise was accompanied by muscle hypertrophy, and
that inactivity resulted in hypotrophy. The amount of myofibrillar proteins
increased with activity and diminished with restricted activity. These results
would be expected, but some previous work indicated that hypertrophy due
to exercise was caused by increased quantities of sarcoplasmic protein and not
the contractible proteins.!!”

GROSS CHANGES IN PROTEIN
Changes in Whole Bodies

The literature abounds with studies of the influence of species, age, and nutri-
tional intake on the changes of total muscle and body proteins in animals.

Von Bezold!?! was among the first to illustrate that the composition of mam-
mals, birds, and amphibia was characteristic of the species as well as their
stages of development. Later, it was reported 98 that cattle had a higher per-
centage of protein than sheep or swine. These results have been confirmed, '2°
and further comparison has been made of nitrogen distribution within mam-
malian species, particularly between swine and humans.

Further study 12%:122:123 regylted in the conclusion that the chemical com-
position of mammalian bodies of the same species could be predicted if the
fat content were known, because the nonfat portion was of the same approxi-
mate percentage composition during growth, regardless of fatness. It was
generalized12° that mammals attain “chemical maturity” in regard to water,
protein, and mineral on a fat-free basis at an age equal to 4.0 or 4.5% of their
total life expectancy. The proportions of these substances are not constant
since percentage of water decreases and percentage of protein® and ash 4!
increase as animals become older.

Ellis and Hankins3® and, more recently, Manners and McCrea,! %6 Dickerson
and Widdowson, 3 and Elson ez al37 also observed increases in protein content
of swine as age progressed. The percentage of protein appeared to reach a maxi-
mum at about 150 to 200 days of age3® and subsequently decreased.

The age of maximum protein level in swine was found to coincide with the
age at which muscle fibers of the semitendinosus (175 days) and longissimus
(150 days) muscles of swine attain 95 to 99% of their maximum diameter.23-38
This is shown in Figure 1, which is a semilogarithmic plot of muscle-fiber diam-
eter versus age of swine. The initial rate of increase was very rapid: the muscle-
fiber diameter increased 100% during the first 25 days after birth. The rate of
increase in muscle-fiber diameter decreased between 100 and 125 days, and
was essentially zero after 150 days.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=20255

Body Composition in Animals and Man: Proceedings of a Symposium Held May 4, 5, and 6, 1967, at the University
http://www.nap.edu/catalog.php?record_id=20255

CHANGES IN PROTEIN DURING GROWTH 107

3 8 83583838

Fiber Diometer (Microns)
@ & »oN®eD

-~

b

0 25 5 75 100 125 150 175 200 225 250 275 300 325
Age (Days)

FIGURE 1 Change in longissimus-muscle-fiber diameter with increase in age of swine.
Data after Chrystall, reference 23.

Muscle-fiber diameter and body weight were significantly correlated: 0.68
and 0.86 in swine,2>'? and 0.76 in sheep.*® Similarly, muscle-fiber diameter
and age were significantly correlated: 0.84 and 0.81 in swine,'*23 and 0.74 in
sheep.8® The diameters of longissimus muscle fibers have also been shown to
be closely associated (77 = 0.81) with the nitrogen content of the empty bodies
of swine.?3

A semilogarithmic plot of total protein and empty-body weights of swine
(Figure 2) is quite similar to the curve (Figure 1) concerned with changes in
muscle-fiber diameter during growth. Some of the data in Figure 2 from the
study by Swanson 64 are lower than the average values because many animals
in this study were on protein-deficient diets, which apparently affected body-
protein concentrations. These data also exemplify the effects of undernutri-
tion on the muscle mass of animals at specific weights. Some animals of the
same body weight in this study differed as much as sevenfold in fat content.

For empty-body weights below 15 and 20 kg, there was very little variation
about the line representing protein content. One may question whether this
uniform protein increase during early development of the pig was due to some
innate growth mechanism or to a response to the quality of the diet provided
by the lactating sow. Both factors probably have an influence, as pointed out
as a result of similar work with rats.14¢

Assuming that the swine included in these studies were weaned at 8 weeks
(15 to 18 kg live weight), one might further associate the larger deviations in
protein content beyond weaning with the adequacy of growing and fattening
rations to meet the animal requirements for maximum protein retention.
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FIGURE 2 Change in kilograms of protein with increase in empty-body weight of
swine.

These deviations obviously represent the accumulated effects of the total en-
vironment and genetic potential of these animals. Other investigations con-
cerned with the increase in protein as related to age or body weight, or both,
include Bailey et al.,* Brody,'* Moulton,'2° and Zobrisky.!8” The investiga-
tion of Bailey et al.? is concerned with protein-to-water ratios as indices of
physiological maturity. Generally, moisture content decreases as protein con-
tent increases® and, similarly, the nitrogen-potassium ratio increases in humans
and swine during maturation.?3®177 It should be recognized, however, that
some organs and tissues mature faster than others.> The heart, liver, and kid-

ney at birth more nearly approximate their adult compositions than the skin
and skeletal muscle.

Proteins of Various Body Constituents

The distribution of protein of various body components as a percentage of

the total protein in the empty body of growing fattening swine is presented
in Figure 3. The proportion of the total protein found in the flesh or soft
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tissue increased from about 65% in the 25-kg swine to 76% in the 160-kg
swine.!3! The percentage of protein in the soft tissue compared with whole-
body weight decreased from 15.0 to 13.0%. The amount of protein in the
soft tissue increased relative to the total protein in the body with each suc-
cessive gain in weight because of the greater increase in weight of soft tissue
compared with the other body components. Data in Figure 4 were available
to separate the protein of the soft tissues into that proportion found in the
muscle, fat, and skin from 110- and 160-kg swine; they indicate that approxi-
mately 52% of the protein in the empty body of swine was in the muscle,
whereas the values were 10.1 and 12.6% in fat, and 10.5 and 11.3% in skin
from the 110- and 160-kg animals, respectively.

Figure 3 further illustrates that 8.9 to 12.1% of the total body protein was
found in the skeleton. These values are considerably lower than the value of
18.7% reported for porcine by Kemme, 84 18% for humans reported by Wid-
dowson and Dickerson,!?’? and 16 to 26% reported here for cattle (Table 2).
The discrepancy is possibly due to the amount of tissue left on the bone, that
is, definitiveness in separation and nutritional state of the animal at death.

The proportion of the total protein in the internal organs and offal!3! de-
clined steadily from about 16 to 7% during the 135-kg increase in live weight.
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FIGURE 3 The distribution of protein in the growing fattening swine (fresh-tissue
besis). Reworked from data of Oslage.!31
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FIGURE 4 The distribution of protein in 110- and 160-kg swine (fresh-tissue basis).
Reworked from data of Oslage.!31

These results support those of McMeekan, %5 who reported that the internal

organs comprised a larger portion of body weight in young swine.

About 5 to 6% of the total protein of the empty swine bodies was in the
blood. This portion of the protein increased slightly as weight increased.
Similarly, the percentage of protein in the blood (fresh basis) increased from
16.5% at 25 kg to 19.8% at 110 kg of empty-body weight. Although the pro-
tein content of the hair ranged from 82 to 86%, this constituted approximately
2% of the total protein of the body.!3!

CHANGES IN PROTEINS OF CATTLE

The relationship between the protein (nitrogen x 6.25) content and the
empty-body weight of cattle is presented in Figure 5. The three groups of
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TABLE 2 Distribution of Protein in the Empty Body of Cattle (Fresh

Tissues)®
Distribution of Protein
,Group Empty- Total Hair Fat
and Body Protein and Skele- and
Age® Weight ————— Blood Organs Hide  ton Lean
(months) (kg) (kg) (%) (%) (%) (%) (%) (%)

GROUP 1

3.0 98.1 19.37 19.74 547 8.72 17.09  23.23 4548

5.5 172.8  29.75 17.22  5.88 10.52 14.72  20.76  48.08

8.5 171.5 31.38 18.30 497 8.95 15.55 18.73  5L.77
11.0 281.3 48.74 17.32 455  8.15 17.39  16.56  53.30
18.0 459.0 76.06 16.57 454 6.73 1442 17.18 $§7.77
21.0 4759 76.64 16.10 5.71  7.67 18.50 16.47  S1.59
34.0 6719  90.93 13.53  6.11  6.25 16.62 18.47  58.58
39.5 786.0 98.42 1252 5.65 6.29 15.62 16.32 47.44
44.5 771.0  98.76 1281 557 17.08 14.80 18.22  54.27
48.0 814.9  99.94 12.26  5.88  6.62 17.19 19.75  50.50

GROUP 2
3.0 78.1 15.18 1944 494 1.77 15.22 2595 41.11
5.5 99.4 19.31 19.43 5.18  8.08 16.52  23.61 46.60

8.5 121.0  22.13 18.29 565 9.31 15.81 21.19  48.03
11.0 159.0  29.32 1844 385 8.53 18.11 19.40  50.09
26.0 337.8  62.69 18.56 429  6.87 18.44 18.64 S51.74
34.0 4189  75.19 1795 573  6.39 15.46  20.11  52.24
40.0 428.0 79.20 1850 458 6.23 16.72 19.17  §3.24
44.5 444.0 8892 20.03 4.84 6.46 18.26 18.92 5134
48.0 4939 8870 1796 5.28 7.13 19.24  20.52  48.95

GROUP 3
3.0 71.0 14.19 1999 613 9.23 15.01 24.66  44.96
5.5 86.0 17.43  20.27 499 895 16.87  23.29  45.90
8.5 90.0 17.31 19.23 433  9.36 15.54 2455  46.22

11.0 1377 24.99 18.1s 472 8.24 16.76 20.25  50.01
18.5 1920  36.19 1885 467 7.60 16.58 19.34  51.80
26.0 265.5 51.18 19.28 4.88 6.58 19.71 19.53  49.55
40.5 3320 65.56 19.75 448 17.05 18.11 21.06  49.27
45.0 3915 77.94 1991 545  6.91 2040 20.05  54.97
48.0 407.8 81.44 19.97 §.21  6.75 17.34  18.86  51.77

"Originnl data from Moulton ez al. 120

Group 1 fed ad libitum; group 2 fed for growth, little fattening; group 3 fed for
“restricted” growth.

cattle from which these data were obtained ranged in age from 1 day to 48
months. The cattle in group 1 were fed ad libitum; those in group 2 were fed
for growth with little fat development, and they gained about 0.45 kg per
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FIGURE 5§ Change in protein with increase in empty-body weight of cattle.

day, whereas those in group 3 were fed for “restricted” growth and gained
about 0.31 kg per day.!2! The calves (c) were from group 1 and were sacri-
ficed at birth.5® The proximity of each datum point to the curve established
by all the data suggests that the absolute increase in protein content con-
formed rather closely to the average for all empty-body weights, irrespective
of nutritional treatment. The shape of this curve is very similar to the curves
illustrating the increase in nitrogen in cattle, sheep, swine, humans, and other
mammals.!*12% The protein-empty-body curve shown in Figure 5 for cattle
increased rapidly initially, then at a progressively slower rate relative to in-
crements in body weight up to about 160 kg. At approximately 160 kg, pro-
tein deposition again increased more rapidly and subsequently diminished.

The distribution of protein of various body components as a percentage of
the total protein in the empty body of some of the cattle in the earlier Missouri
investigations 12! is presented in Table 2.

Weight of empty body and percentage of protein (nitrogen x 6.25) increased
with age. Within an age classification, percentage of protein was inversely asso-
ciated with body weight. Similar results were obtained for swine by Wood and
Groves 83 and Spray and Widdowson.'® Total protein as a percentage of
the empty-body weight declined most rapidly (7.5%) in the cattle that were
fed the most liberally (group 1). Ingroup 2 (the cattle fed to attain moderate
body-weight gain), the percentage of protein declined about 1.5% during the
45-month period, whereas the percentage of protein of the cattle fed to main-
tain restricted growth (group 3) remained about constant.

The blood protein contributed from 5.0 to 5.5% of the total protein in the
body. The variation noted in protein of the blood in Table 2 may be attributed
to the difficulty in actually collecting the blood at the time of sacrifice.
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The portion of protein in the internal organs was also very similar for all
cattle, regardless of weight or nutritional treatment. In other words, about
7.7% of all the protein in the empty body was in the organs. The variation
about this average was approximately the same within each treatment.

Cattle that were fed more liberally (group 1) had a smaller portion of their
total protein in the hair plus hide and also in the skeleton. The average
amount of protein in the hair plus hide for the cattle within each successive
nutritional regime was: group 1, 16.3%; group 2, 17.1%; group 3, 17.4%.
The range was approximately +2% in each group.

The skeletons from the cattle fed more liberally, moderately, and for “re-
stricted” growth contained an average of 18.3%, 20.8%, and 21.3% of the total
body protein and ranged as follows: group 1, 16.3 to 23.2%; group 2, 18.6 to
25.9%; and group 3, 18.9 to 24.7%. The general trend was for the older,
heavier cattle in each group to contain a slightly smaller proportion of the
total protein in the skeleton.

The soft tissue, that is, all the separable skeletal muscle and fat of the
cattle fed ad libitum, contained an average of 3% more of the total protein
of empty body than the animals fed to make moderate and restricted gains.
There was a tendency for the heavier cattle within each treatment to have a
greater portion of their total protein in the composite separable lean and fat
tissue. This tendency was similar but lower than that observed for fattening
swine (compare Figure 3 with Table 2).

These data indicate that the percentage distribution of protein in various
parts relative to the total in the empty body was stable; the values changed
little during the 4-year period. However, on the lower levels of nutrition, the
total protein present actually decreased, whereas the concentration or per-
centage of protein of empty-body weight increased. These results support the
idea advanced by Wallace 72 and Waterlow ez al. 17* concerning the homeo-
staticability of animals to maintain a high degree of constancy in essential
body composition even though absolute lean and fat weight is altered nutri-
tionally. Dickerson and Widdowson3C observed that the proportion of the
total nitrogen in humans contributed by various amino acids during growth
and maturation was essentially constant. Similarly, Chinn?? found little
change in the muscle-to-nonmuscle protein ratio of rats ranging from 81 to
188 days of age.

Data were not available to determine the portion of the total protein of
the empty body associated with separable fat. However, the percentages of
protein in the separable fat of the round, loin, and kidney knob for the Mis-
souri cattle on the three nutritional treatments and several ages are presented
in Table 3.

These results indicate that the lower the level of nutritional intake, the
higher the percentage of protein in the separable fat of the round, loin, and
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TABLE 3 Effects of Age, Weight, and Nutritional Level on the Percentage
of Protein in Cattle Fat®

Protein in Separable Fat
Age Weight Round Loin Kidney Knob
{months) (kg) Ration® (%) (%) (%)
3 98.1 1 13.8 8.8 3.7
3 78.1 2 16.7 8.7 4.4
3 71.0 3 16.0 13.7 1.7
8.5 171.5 1 8.4 6.2 1.9
8.5 121.0 2 9.0 5.4 2.8
8.5 90.0 3 14.5 9.6 5.9
21-26 475.9 1 5.6 3.3 1.3
21-26 337.8 2 9.9 5.4 29
21-26 265.5 3 10.0 6.9 29
40 786.0 1 4.7 2.2 1.2
40 428.0 2 10.4 5.3 2.1
40 332.0 3 14.0 N 2.8
48 814.9 1 4.2 24 1.2
48 493.9 2 4.8 4.1 1.1
48 407.8 3 9.1 3.8 2.6
120

9Reworked from Moulton et al.
1 = liberal; 2 = moderate; 3 = restricted.

kidney knobs regardless of the age of the cattle. Also, within each nutritional
treatment, as the cattle became more advanced in age, the percentage of pro-
tein in the fatty tissue decreased. The kidney-knob fat contained the lowest
and the fat of the round the greatest percentage of protein.

CHANGES IN PROTEIN OF HUMANS

The limitations in determining the composition of human bodies are very ably
discussed elsewhere. !5:115:176 [t is sufficient to say, comparatively, that less
is known about the composition of whole human bodies than of other animals.
Even though many sophisticated research techniques are available, as recently
as 1965, Widdowson stated, “They can never replace straightforward chemical
analysis for arriving at the total amount of any substance within the body.”
Nevertheless, data published by Dickerson and Widdowson 3° are presented to
show the distribution of most of the protein in the human body (Table 4).
These data indicate that the skin, skeleton, and skeletal muscle contain
over 70% of the total protein in the body, whereas the skin and skeleton alone
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TABLE 4 Protein of the Skin, Skeleton, and Skeletal Muscle Relative to
the Total Protein in the Fat-Free Adult Human Body*

Distribution Distribution

Total of Total of Collagen

Protein Protein Protein
Constituent (kg) (%) (%)
Total body 11.50 - -
Skin 1.10 9.5 8.5
Skeleton 2.07 18.1 14.8
Muscle 5.35 46.3 1.5

177

%From Widdowson and Dickerson.

contain more than 27%. The collagen of the skin and skeleton accounted for
about 25% of the total body protein.

If these values are representative of the human population and are further
compared with results previously presented for cattle and swine, it can be
generalized that the distribution of protein in the components studied is
similar in the bodies of humans, cattle, swine, and possibly all mammals.

SUMMARY ANALYSIS

The protein content of animals is dynamic during growth and development,
although the greatest changes occur during the prenatal period. The proteins
formed during this period are believed to be precursors of adult proteins, but
they have not been completely characterized. In most species there is a gradual
increase in total proteins during early development, but the relative levels of
the different proteins do not change proportionally and are dependent upon
the state of cellular differentiation.

Growth can be divided into three phases involving DNA, RNA, and protein
synthesis. Phase 1 consists of rapid DNA and RNA synthesis during rapid cell
division; phase 2 involves rapid DNA, RNA, and protein synthesis concerned
with cell multiplication and hypertrophy; and phase 3 entails only cellular
hypertrophy and rapid protein synthesis. The synthesis of RNA generally
parallels that of DNA, although the ratio of RNA and DNA may differ in the
various organs and other tissues. High RNA-to-DNA ratios occur during early
development.

Embryonic animals produce blood-serum proteins characteristic of indi-
vidual species and different from those of mature animals. An outstanding
example is calf fetuin. Characteristic types of immature hemoglobins are also
present during prenatal development.
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Various hormones acutely affect protein metabolism, and the activities of
growth and the sex hormones are involved in protein synthesis at the micro-
somal level.

Collagen and muscle contractile proteins are ideal for model studies of
fibrous-protein morphogenesis, and considerable knowledge has been gained
concerning fibrogenesis of these proteins.

Enzyme development and activities innately respond to specific anticipated
biochemical functions. Their activity levels are usually maintained as required
by the normal metabolism of the biological system. This is possibly best ex-
emplified by the kidney enzymes. In many animals the functional activity of
kidney enzymes is immature at birth, but it accelerates tremendously when
the animals are capable of independence.

Muscle fibers apparently grow in complete sarcomere units during embry-
onic development, and subsequently they grow by elongation of these units
as well. Growth during the second half of intrauterine life is believed to be
due to hypertrophy of fibers and not to an increase in their numbers. The
turnover of muscle and related proteins is dependent upon their function.

At equivalent age levels, the relative changes in muscle proteins are con-
stant in many animal species. The major quantitative changes occur in early
life, whereas those occurring in the adult animal are concerned with an attempt
to maintain anabolic and catabolic equilibrium.

The concentration of myofibrillar proteins is greater than that of the sarco-
plasmic proteins during most stages of development, and apparently, hyper-
trophy due to exercise increases the proportion of myofibrillar proteins.
Conversely, the percentage of extracellular protein nitrogen (mostly collagen)
decreases during growth but may increase somewhat in the mature animal.

The percentage distribution of protein in various parts of the body relative
to total empty-body protein is stable during postnatal growth. The animal
body is able to maintain to high degree the essential protein composition re-
gardless of differences in age, weight, or nutrient intake. During extreme
undernutrition, the percentage of protein on an empty-body basis increases,
although the absolute quantity of protein decreases. The percentage of pro-
tein of fatty tissue decreases as age advances, but it increases as nutrient intake
is lowered.

Generally, muscle comprises approximately 50% of the total body protein,
whereas bone contains about 20%. Blood contains around 5% of the total
body protein, whereas the remainder is approximately equally divided between
skin, organs, and fatty tissues.

This paper is a contribution from the Missouri Agriculture Experiment Station.
Journal Series Number 5228.

Copyright © National Academy of Sciences. All rights reserved. _


http://www.nap.edu/catalog.php?record_id=20255

Body Composition in Animals and Man: Proceedings of a Symposium Held May 4, 5, and 6, 1967, at the University
http://www.nap.edu/catalog.php?record_id=20255

CHANGES IN PROTEIN DURING GROWTH 117

REFERENCES

1.

10.

11.
12.

13.

14,
15.

16

17.

18.

Anastassiadis, P. A., W. A. Maw, and R. H. Common. 1955. Studies on the glyco-
proteins of the domestic fowl. II. The hexosamine content of certain tissues of the
sexually immature pullet and some effects thereon of the gonadal hormones. Can.
J. Biochem. Physiol. 33:627.

Armsby, H. P. 1908. Feeding for meat production. U.S. Dept. Agr. Bur. Anim.
Ind. Bull. 108.

. Astbury, W. T., and T. C. Marwick. 1932. X-ray interpretation of the molecular

structure of feather keratin. Nature 130:309.

. Bailey, C. B., W. D. Kitts, and A. J. Wood. 1960. Changes in the gross chemical

composition of the mouse during growth in relation to the assessment of physio-
logical age. Can. J. Anim. Sci. 40:143.

. Barboriak, J. J., G. Meschia, D. H. Barron, and G. R. Cowgill. 1958. Blood plasma

proteins in fetal goats and sheep. Proc. Soc. Exp. Biol. Med. 98:635.

. Barth, L. G., and L. J. Barth. 1951. The relation of adenosine triphosphate to yolk

utilization in the frog’s egg. J. Exp. Zool. 116:99.

. Beckett, E. B., and G. H. Bourne. 1960. Histochemistry of developing skeletal and

cardiac muscle. Vol 1, p. 87. In G. H. Bourne [ed.] The structure and function of
muscle. Academic Press, New York.

Bell, E. 1965. Molecular and cellular aspects of development. Harper & Row, New
York.

Boedtker, H., and P. Doty. 1956. The native and denatured states of soluble col-
lagen. J. Am. Chem. Soc. 78:4267.

Bollum, F. J., and V. R. Potter. 1959. Nucleic acid metabolism in regenerating rat
liver. VI. Soluble enzymes which convert thymidine to thymidine phosphates and
DNA. Cancer Res. 19:561.

Bowes, J. H,, R. G. Elliott, and J. A. Moss. 1955. The composition of collagen and
acid soluble collagen of bovine skin. Biochem. J. 61:143.

Boyd, J. D. 1960. Development of striated muscle. Vol. 1, p. 64. In G. H. Boume
{ed.] The structure and function of muscle. Academic Press, New York.

Breuer, C. D., and J. R. Florini. 1965. Amino acid incorporation into protein by
cell-free systems from rat skeletal muscle. 1V. Effects of animal age, androgens and
anabolic agents on activity of muscles ribosomes. Biochem. 4:1544.

Brody, S. 1945. Bioenergetics and growth. Reinhold Publishing Corp., New York.
Bro¥ek, J. 1965. Methods for the study of body composition: some recent advances
and developments. Symposia of the Society for the Study of Human Biology. 7:1.
In 3. Brofek [ed.] Human body composition: approaches and applications. Pergamon
Press, Oxford, England.

Brues, A. M., M. M. Tracy, and W. E. Conn. 1944. Nucleic acids of rat liver and hepa-
toma: their metabolic turnover in relation to growth. J. Biol Chem. 155:619.
Camiero, J. 1965. Synthesis and turnover of collagen in periodontal tissue, 14:247.
In C. P. Leblon, and K. B. Warren [ed.] The use of radio-autography in investigating
protein synthesis. Academic Press, New York.

Carniero, J., and C. P. Leblond. 1959. Role of osteoblasts and odontoblasts in se-
creting the collagen of bone and dentin, as shown by radio-autography in mice given
triton-labeled glycine. Exp. Cell Res. 18:291.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=20255

Body Composition in Animals and Man: Proceedings of a Symposmm Held May 4, 5, and 6, 1967, at the University
http://www.nap.edu/catalog.php?record_id=20255

118 BIOLOGY

19. Carpenter, Z. L., R. G. Kauffman, R. W. Bray, E. J. Briskey, and K. G. Weckel
1963. Factors influencing quality in pork. A histological observation. J. Food
Sci. 28:467.

20. Caspersson, T., and B. Thorell. 1942. The localization of the adenylic acids in
striated muscle fibers. Acta Physiol. Scand. 4:97.

21. Chantreene, H. 1961. The biosynthesis of proteins. Pergamon Press, Oxford,
England, p. §7.

22. Chinn, K. S. K. 1966. Potassium and creatinine as indexes of muscle and non-
muscle protein in rats. J. Nutr. 90:323.

23. Chrystall, B. B. 1967. Some chemical and physical parameters of swine during
growth. M.S. Thesis, Univ. Missouri.

24. Csapo, A. 1959. Function and regulation of myometrium. Ann. N. Y. Acad. Sci.
75:790.

25. Csapo, A., and H. Herrmann. 1951. Quantitative changes in contractible proteins
of chick skeletal muscle during and after embyronic development. Amer. J. Physiol.
165:701.

26. Dalton, A.J. 1937. The functional differentiation of hepatic cells of the chick
embryo. Anat. Rec. 68:393.

27. Davidson, J. 1957. Activity of certain metabolic enzymes during development of
the chick embryo. Growth 21:287.

28. de Villafranca, G. W. 1954. Adenosine-triphosphatase activity in developing rat
muscle. J. Exp. Zool. 127:367.

29. Dickerson, J. W. T. 1960. The effect of growth on the composition of avian muscle.
Biochem. J. 75:33.

30. Dickerson, J. W. T., and E. M. Widdowson. 1960. Chemical changes in skeletal
muscle during development. Biochem. J. 74:247.

31. Dreyfus, J. C., J. Kruh, and G. Schapira. 1962. Muscle protein metabolism in
normal and diseased states, p. 327. In G. F. Grass [ed.] Protein metabolism.
Springer Verlag, Berlin.

32. Duesberg, J. 1960. J. Arch. Zellfosch 4:602. 1909. Cited by J. D. Boyd, 1:63. In
G. H. Bourne {ed.] Structure and function of muscle. Academic Press, New York.

33. Dull, T. A., L. Causing, and R. H. Henneman. 1962. Urinary total hydroxyproline
as an index of connective tissues turnover in bone. J. Clin. Invest. 41:1355.

34, Ebert, J. D. 1953. An analysis of the synthesis and distribution of contractible
proteins myosin in the development of the heart. Proc. Nat. Acad. Sci. U. S. 39:333.

35. Ebert, J. D,, R. A. Tolman, A. M. Mun, and J. F. Albright. 1955. The molecular
basis of the first heart beats. Ann. N. Y. Acad. Sci. 60:968.

36. Ellis, N. R., and O. G. Hankins. 1925. Soft pork studies. 1. Formation of fat in the
pig on a ration moderately low in fat. J. Biol. Chem. 66:102.

37. Elson, C. E., W. A. Fuller, E. A, Kline, and L. N. Hazel. 1963. Effect of age on
growth of porcine muscle. J. Anim. Sci. 22:946. (Abstr.)

38. Elson, C.E., E. A. Kline, W. A. Fuller, and L. N. Hazel. 1961. Effect of age on
growth of porcine muscle. J. Anim. Sci. 20:916. (Abstr.)

39. Engel, W. K., and B. Horvath. 1960. Myofibril formation in cultured skeletal muscle
cells studied with antimyosin fluorescent antibody. J. Exp. Zool. 144:209.

40. Everitt, G. C. 1964. Component analysis of meat production using biopsy tech-
niques. Carcass composition and appraisal of meat animals. CSIRO, Australia.

41. Farrant, J. L., A. L. G. Reese, and E. H. Mercer. 1947. Structure of fibrous protein.
Nature 159:535.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=20255

Body Composition in Animals and Man: Proceedings of a Symposium Held May 4, 5, and 6, 1967, at the University
http://www.nap.edu/catalog.php?record_id=20255

CHANGES IN PROTEIN DURING GROWTH 119

42. Furst, S. S., P. M. Roll, and G. W. Brown. 1950. On the renewal of the purines of
the desoxypentose and pentose nucleic acids. J. Biol. Chem. 183:251.

43. Glimcher, M. J. 1959. The macromolecular aggregation state of collagen and bio-
logical specificity, p. 97. In 1. H. Page [ed.] Calcification in connective tissue,
thrombosis and atherosclerosis. Academic Press, New York.

44. Glimcher, M. J. 1961. The role of the macromolecular aggregation state and re-
activity of collagen in calcification, p. 53. In M. V. Edds, Jr. [ed.] Macromolecular
complexes. The Ronald Press Co., New York.

45. Goldspink, G. 1962. Studies on post embryonic growth and development of skele-
tal muscle. Proc. Roy. Irish Acad. 62b:135.

46. Gordon, E. E,, K. Kowalski, and M. Fritts. 1966. Muscle proteins and DNA in rat
quadriceps during growth. Am. J. Physiol. 210:1033.

47. Goss, R.J. 1964. Adaptive growth. Logos Press, London.

48. Goswami, M. N. O., and W. E. Knox. 1961. Developmental changes of p-hydroxy}
pyruvate-oxidase activity in mammalian liver. Biochem. Biophys. Acta 50:35.

49. Granick, S., and D. Mauzerall. 1961. The metabolism of heme and chlorophyll,
2:525. In D. M. Greenberg [ed.] Metabolic pathways. Academic Press, New York.

50. Grant, P. 1965. Informational molecules and embryonic development, 1:482, In
R. Weber [ed.] The biochemistry of animal development. Academic Press, New
York.

51. Gross,J. 1951. Fiber formation in trypsinogen solutions: an electron optical
study. Proc. Soc. Exp. Biol. Med. 78:241.

52. Gross, J. 1956. The behavior of collagen units as a model in morphogenesis. J.
Biophys. Biochem. Cytol. 2:261.

53. Gross, J. 1958. Studies on the formation of collagen. I. Properties and fractiona-
tion of neutral salt extracts of normal guinea pig connective tissue. J. Exp. Med.
107:247.

54. Gross,J. 1965. The behavior of collagen units as a model in morphogenesis, p. 416.
In E. Bull {ed.] Molecular and cellular aspects of development. Harper & Row, New
York.

55. Gross, J., J. H. Highberger, and F. O. Schmitt. 1954. Collagen structure considered
as states of aggregation of a kinetic unit. The tropo-collagen particle. Proc. Nat.
Acad. Sci. U.S. 40:679.

56. Gross, J., F. O. Schmitt, and J. H. Highberger. 1952. Josiah Macy, Jr., Conf.
Metabol. Interrelations 4:32.

57. Gross, J., Z. Sokal, and M. Rouguie. 1956. Structural and chemical studies on the
connective tissue of marine sponges. J. Histochem. Cytochem. 4:227.

58. Haigh, L. D,, C. R. Moulton, and P. F. Trowbridge. 1920. Composition of the
bovine at birth. Missouri Agr. Exp. Sta. Res. Bull. 38.

59. Hamoir, G. 1951. Further investigations on fish tropomyosin and fish nucleottopo-
myosin. Biochem. J. 50:140.

60. Hanson, J., and J. Lowy. 1963. The structure of F-actin and of actin filaments
isolated from muscle. J. Mol Biol. 6:46.

61. Hard, W. L., O. Renolds, and M. Winbury. 1944. Carbohydrates, fat and moisture
relationships in the pregnant, fetal and newborn guinea pig. J. Exp. Zool. 96:189.

62. Hecht, L.1, and V. R. Potter. 1958. Nucleic acid metabolism in regenerating rat
liver. Cancer Res. 18:186.

63. Heim, W. G. 1961. The serum proteins of the rat during development. J. Embryol
Exp. Morphol. 9:53.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=20255

Body Composition in Animals and Man: Proceedings of a Symposium Held May 4, 5, and 6, 1967, at the University
http://www.nap.edu/catalog.php?record_id=20255

120 BIOLOGY

64. Heimberg, M., and S. P. Velick. 1954. The synthesis of aldolase and phosphorylase
in rabbits. J. Biol. Chem. 208:725.

65. Helander, E. 1957. On quantitative muscle protein determination. Acta Physiol
Scand. 41: Suppl, 141,

66. Helander, E. 1966. General consideration of muscle development, p. 19. InE. J.
Briskey, R. G. Cassens, and J. C. Trautman [ed.] The physiology and biochemistry
of muscle as a food. Univ. Wisconsin Press.

67. Herrmann, H. 1963. Quantitative studies of protein synthesis in some embryonic
tissues, p. 85. /n M. Locke [ed.] Cytodifferentiation and macromolecular synthesis.
Academic Press, New York.

68. Herrmann, H., and J. S. Nicholas. 1948. Quantitative changes in muscle protein
fractions during rat development. J. Exp. Zool 107:165.

69. Herrmann, H., J. S. Nicholas, and M. E. Vosgian. 1949. Liberation of inorganic
phosphate from adenosinetriphosphate by fractions derived from developing rat
muscle. Proc. Soc. Exp. Biol. Med. 72:455.

70. Highberger, J. H., J. Gross, and F. O. Schmitt. 1950. Electron microscope observa-
tions of certain fibrous structures obtained from connective tissue extracts. J. Am.
Chem. Soc. 72:3321.

71. Highberger, J. H., J. Gross, and F. O. Schmitt. 1951. The interaction of mucopro-
tein with soluble collagen. An electron microscope study. Proc. Nat. Acad. Sci. U.S.
37:286.

72. Hodge, A.J. 1952. A new type of periodic structure obtained by reconstitution of
paramyosin from acid solutions. Proc. Nat. Acad. Sci. U.S. 38:850.

73. Hogan, A. G, L. A. Weaver, A. T. Edinger, and E. A. Trowbridge. 1925. The rela-
tion of food consumed to protein and energy retention in swine. Missouri Agr. Exp.
Sta. Res. Bull. 73.

74. Holtzer, H., J. M. Marshall, and H. Finck. 1957. An analysis of myogenesis by the
use of flourescent antimyosin. J. Biophys. Biochem. Cytol. 3:705.

75. Huxley, H. E. 1963. Electron microscope studies of the structure of natural and
synthetic protein filaments from striated muscle. J. Mol Biol. 7:281.

76. Ingram, V. M. 1965. The biosynthesis of macromolecules. W. A. Benjamin, Inc.,
New York.

77. Jackson, D.S. 1957. Connective tissue growth stimulated by carrageenin. 1. The
formation and removal of collagen. Biochem. J. 65:277.

78. Jameson, E., C. Alvarez-Tostado, and H. H. Sortor. 1942. Electrophometic studies
on new-bom calf serum. Proc. Soc. Exp. Biol. Med. 51:163.

79. Jasin, H. E,, C. Fink, D. Smiley, and M. Ziff. 1962. Influence of growth on total
urinary hydroxyproline. J. Clin. Invest. 41:1368.

80. Joubert, D. M. 1956. Analysis of factors influencing post-natal growth and develop-
ment of muscle fiber. J. Agr. Sci. 47:59.

81. Kao, K. Y. T., D. M. Hilker, and T. H. McGavack. 1961. Connective tissue.

V. Comparison of synthesis and turnover of collagen and elastin in tissues of rat at
several ages. Proc. Soc. Exp. Biol. Med. 106:335.

82. Kassenaar, A. A. H., A. Querido, and A. Haak. 1962. Effects of anabolic steroids
on nucleic acid and protein metabolism, p. 222. In F. Gross [ed.] Protein metabo-
lism. Springer Verlag, Berlin.

83. Kay, C. M., and K. Bailey. 1960. Light scattering in solutions of native and
guanidinated rabbit tropomyosin. Biochem. Biophys. Acta 40:149.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=20255

Body Composition in Animals and Man: Proceedings of a Symposium Held May 4, 5, and 6, 1967, at the University
http://www.nap.edu/catalog.php?record_id=20255

CHANGES IN PROTEIN DURING GROWTH 121

84. Kemme, J. 1962. PhD Dissertation. Univ. Gottingen. [Cited by H. J. Oslage.

The distribution of nitrogen protein and fat in the body of growing swine.
Zuchtungskunde 37:338. 1965.]

85. Kennedy, G. C., W. M. Pearce, and D. M. V. Parriot. 1958. Liver growth in the
lactating rat. J. Endocrinol 17:158.

86. Kenney, F. T., and N. Kretchmer. 1959. Hepatic metabolism of phenylalanine
during development. J. Clin. Invest. 38:2189.

87. Klein, R. L. 1961. A possible correlation between ATPase activity and Na content
of embryonic chick heart. Am. J. Physiol. 201:858.

88. Kochakian, C. D. 1950. The mechanism of the protein anabolic action of testo-
sterone propionate, p. 113. /n E. S. Gordon [ed.] Symposium on steroid hormones.
Univ. Wisconsin Press, Madison.

89. Kochakian, C. D. 1964. Protein anabolic properties of androgens. Alabama J. Med.
Sci. 1:24,

90. Kochakian, C. D. 1966. Regulation of muscle growth by androgens, p. 81. In
E. J. Briskey, R. G. Cassens, and J. C. Trautman [ed.] The physiology and bio-
chemistry of muscle as a food. Univ. Wisconsin Press, Madison.

91. Kochakian, C. D., J. H. Humm, and M. N, Bartlett. 1948. Effect of steroids on
the body weight, temporal muscle and organs of the guinea pig. Am. J. Physiol
155:242,

92. Kochakian, C. D., C. Tillotson, and G. L. Endahl. 1956. Castration and the
growth of muscles in the rat. Endocrinology 58:225.

93. Komner, A. 1962. The effect of growth hormone on protein synthesis, p. 8. In
F. Gross [ed.] Protein metabolism. Springer Verlag, Berlin.

94. Komner, A., and F. G. Young. 1955. The influence of methyl androsterediol on
the body weight and carcass composition of the rat. J. Endocrinol. 13:78.

95. Komnfeld, R., and D. H. Brown. 1963. The activity of some enzymes of glycogen
metabolism in fetal and neonatal guinea pig liver. J. Biol. Chem. 238:1604.

96. Kretchmer, N. 1959. Enzymatic patterns during development. Pediatrics 23:606.

97. Kruh, J., J. C. Dreyfus, G. Schapira, and P. Padieu. 1957. Nonuniform incorpora-
tion of glycine-2-C14 into rabbit hemoglobin in vivo and in vitro. J. Biol. Chem.
228:113.

98. Lawes, J. B., and J. H. Gilbert. 1861. On the composition of oxen, sheep, and
pigs and of their increase whilst fattening. J. Roy. Agr. Soc. Eng. 21:1.

99. Linke, K. W. 1955. Elektronenmkroskopische untersuchung uber die differenziekung
de interzellulansubstanz der menschlichen lederhaut. Z. Zellforsch. Mikroskop. Anat.
42:331.

100. Lowey, A., and C. Cohen. 1962. Studies on the structure of myosin. J. MoL Biol
4:293,

101. Lowtance, P., and A. Chanutin. 1942. The effect of partial hepatectomy on blood
volume in the white rat. Am. J. Physiol. 135:606.

102. Mclntosh, E. N, D. C. Acker, and E. A. Kline. 1961. Influence of orally admin-
istered stilbestrol on connective tissue of skeletal muscle of lambs fed varying
levels of protein. J. Agr. Food Chem. 9:418.

103. McLean, J. R., G. L. Cohn, I. K. Brandt, and M. U. Simpson. 1958. Incorporation
of labeled amino acids into the protein of muscle and liver mitochondria. J. BioL
Chem. 233:657.

104. McLean, J. R., G. L. Cohn, and M. U. Simpson. 1961. Amino acid incorporation
into isolated mitochondria. Federation Proc. 15:312.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=20255

Body Composition in Animals and Man: Proceedings of a Symposium Held May 4, 5, and 6, 1967, at the University
http://www.nap.edu/catalog.php?record_id=20255

122 sioLOGY

105. McMeekan, C. P. 1941. Growth and development in the pig, with special refer-
ence to carcass quality characters. II. The influence of the plane of nutrition on
growth and development. J. Agr. Sci. 30:387.

106. Manners, M. J., and M. R. McCrea. 1963. Changes in the chemical composition of
sow reared piglets during first month of life. Brit. J. Nutr. 17:495.

107. Marks, M. H., R. S. Bear, and C. H. Blake. 1949. X-ray diffraction evidence of
collagen-type protein fibers in the echinolermata, collenterata and parifera. J. Exp.
Zool. 111:55.

108. Mercer, E. H. 1951. Formation of silk fibre by the silkworm. Nature 168:792.

109. Mercer, E. H. 1958. Electron microscopy and the biosynthesis of fibres, p. 113.
In W. Montagna, and R. A. Ellis [ed.] The biology of hair growth. Academic
Press, Inc., New York.

110. Mihalyi, E., E. Laki, and M. I. Knoller. 1957. Nucleic acid and nucleotide content
of myosin preparations. Arch. Biochem. Biophys. 68:130.

111. Miller, E. R., D. E. Ullrey, 1. Ackerman, D. A. Schmidt, J. A. Hoefer, and R. W.
Luecke. 1961. Swine hematology from birth to maturity. 1. Serum proteins.

J. Anim. Sci. 20:31.

112. Mitchell, H. H., and T. S. Hamilton. 1929. Swine type studies. IIl. The energy
and protein requirements of growing swine and the utilization of feed energy in
growth. Illinois Agr. Exp. Sta. Res. Bull. 323.

113. Moog, F. 1965. Enzyme development in relation to functional differentiation,
1:307. In R. Weber [ed.] The biochemistry of animal development. Academic
Press, New York.

114. Moore, D. H., R. M. DuPan, and C. L. Buxton. 1949. An electrophoretic study of
maternal fetal and infant sera. Am. J. Obstet. Gynecol. 5§7:312.

115. Moore, F. D., K. D. Olsen, J. D. McMurrey, H. V. Parker, M. B. Ball, and C. M.
Bayden. 1963. The body cell mass and its supporting environment. Saunders,
Philadelphia and London.

116. Moore, D. H,, S. C. Shen, and C. S. Alexander. 1945. The plasma of developing
chick and pig embryos. Proc. Soc. Exp. Biol. Med. 58:307.

117. Morpurgo, B. 1897. Uber die postembryonal enwickeling der overgestreifter von
wessen ratten. Ana. Anz. Bd. 15:200. [Cited by H. H. Donaldson. The rat. 1924.]

118. Moscona, A. 1955. Cytoplasmic granules in myogenic cells. Exp. Cell Res. 9:377.

119. Moser, C. R., and R. A. Flickinger. 1965. Hemin synthesis in developing frog em-
bryo and its stimulation by frog liver RNA. Develop. Biol. 12:117.

120. Moulton, C. R. 1923. Age and chemical development in mammals. J. Biol. Chem.
57:79.

121. Moulton, C. R., P. F. Trowbridge, and L. D. Haigh. 1922, Studies in animal nu-
trition. IIl. Changes in chemical composition on different planes of nutrition.
Missouri Agr. Exp. Sta. Res. Bull. §5.

122. Murray, J. A. 1919. Meat production. J. Agr. Sci. 9:174.

123. Murray, J. A. 1922. The chemical composition of animal bodies. J. Agr. Sci.
12:103.

124. Nass, M. K. K. 1962. Developmental changes in frog actomyosin characteristics.
Develop. Biol. 4:289.

125. Needham, A. E. 1964. The growth process of animals. D. Van Nostrand Co., Inc.,
New York.

126. Nelson, O. E. 1953. Comparative embryology of the vertebrates. The Blakiston
Co., Inc., New York.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=20255

Body Composition in Animals and -Man: Proceedings of a Symposium Held May 4, 5, and 6, 1967, at the University
http://www.nap.edu/catalog.php?record_id=20255

CHANGES IN PROTEIN DURING GROWTH 123

127. Neuberger, A. 1953. The metabolism of collagen from liver, bone, skin and tendon
in the normal rat. Biochem. J. §3:47.

128. Oberman, J. W., K. O. Gregory, F. G. Burke, S. Ross, and E. C. Rice. 1956.
Electrophoretic analysis of serum proteins in infants and children. 1. Normal values
from birth to adolescence. New Engl. J. Med. 255:743.

129. Ogawa, Y. 1962. Biochemical relation between actin and myosin synthesis during
the differentiation of skeletal muscle tissues of triturus. Exp. Cell Res. 26:526.

130. Orekovitch, V. H.,and V. O. Shpikiter. 1958. Procollagens. Science 127:1371.

131. Oslage, H. J. 1965. The distribution of nitrogen, protein, and fat in the body of
growing swine. Zuchtungskunde 37:338.

132. Otto, E. 1966. Der Fleisch-und fettansatz von schweinen verschiedenen gewichtes.
Die Fleisch Wirtschaft 46:1242.

133. Papanicolaou, G. V., and E. A. Falk. 1938. General muscular hypertrophy induced
by androgenic hormone. Science 87:238.

134. Pauling, L. 1953. Aggregation of globular proteins. Discussions Faraday Soc.
13:170.

135. Pedersen, K. O. 1945. Fetuin, a new globulin isolated from serum. Nature 154:575.

136. Penhos, J. C., and M. E. Krahl. 1962. Insulin stimulus of leucine incorporation in
rat liver protein. Am. J. Physiol. 202:349.

137. Perry, S. V., and M. A. Zydowo. 1959. A ribonucleoprotein of skeletal muscle and
its relation to the myofibril. Biochem. J. 72:682.

138. Pfau, P. 1954. Die serumproteine von feten, neugeborenen und ubertrogenen
saulingen. Arch. Gynakol. 185:208.

139. Philpott, D. E., and A. G. Szent-Gyorgyi. 1954. The structure of light-meromyosin:
an electron microscopic study. Biochem. Biophys. Acta 15:165.

140. Picken, L. 1960. The organization of cells and other organisms. The Clarendon
Press, Oxford, England.

141. Reid, J. T., G. H. Wellington, and H. O. Dunn. 1955. Some relationships among
the major chemical components of the bovine body and their application to nu-
tritional investigations. J. Dairy Sci. 38:1344.

142, Rice, R. V. 1964. Electron microscopy of macromolecules from myosin solutions,
p. 41. In J. Gergely [ed.] Biochemistry of muscle contraction. Little, Brown and
Company, Boston.

143. Robinson, D. S. 1952. Changes in the protein composition of chick muscle during
development. Biochem. J. §2:621.

144, Robinson, D. S. 1952. Changes in the nucleoprotein content of chick muscle
during development. Biochem. J. 52:628.

145. Roodyn, D. B., P. J. Reis, and T. S. Work. 1961. Protein synthesis in mitochondria.
Requirements for the incorporation of radioactive amino acids into mitochondrial
proteins. Biochem. J. 80:9.

146. Rosenthal, J., and F. Doljanski. 1961. Biochemical growth patterns of normal and
radio thyroidectomized rats. Growth 25:347.

147. Schapira, G., J. Kruh, J. C. Dreyfus, and F. Schapira. 1960. The molecular turn-
over of muscle aldolase. J. Biol. Chem. 235:1738.

148. Schjeide, O. A., and N. Ragan. 1957. Studies on the New Hampshire chicken em-
bryo. VIII. Glycoprotein of serum. J. Biol. Chem. 227:1035.

149. Schmitt, K. O. 1956. Macromolecular interaction pattern in biological systems.
Proc. Am. Phil. Soc. 100:476.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=20255

Body Cor%p(')gtl—?niin Animals and Man: Proceedings of'a Symposium Held May 4, 5, and 6, 1967, at the University
http://www.nap.edu/catalog.php?record_id=20255

124 BiOLOGY

150. Schmitt, K. O., J. Gross, and J. H. Highberger. 1953. A new particle type in cer-
tain connective tissue extracts. Proc. Nat. Acad. Sci. U.S. 39:459.

151. Scow, R. O. 1952. Effect of testosterone on muscle and other tissue and on car-
cass composition in hypophysectomized thyroidectomized and gonadectomized
male rats. Endocrinology 51:42.

152. Scow, R. O., and S. N. Hagan. 1955. Effect of testosterone propionate on myosin,
collagen and other protein fractions of striated muscles of gonadectomized male
guinea pig. Am. J. Physiol. 180:31.

153. Scow, R. O., and S. N. Hagan. 1957. Effect of testosterone propionate on myosin,
collagen and other protein fractions in striated muscle of gonadectomized rats.
Endocrinology 60:273.

154. Shemin, D., and D. Rittenberg. 1944. Some interrelationships in general nitrogen
metabolism. J. Biol. Chem. 153:401.

155. Sheng, P.K., and T. C. Tsao. 1955. A comparative study of nucleotropomyosin
from different sources. Sci. Sinica. (Peking) 4:157.

156. Simpson, M. U., and S. P. Velick. 1954. The synthesis of aldolase and glyceralde-
hyde 3-phosphate dehydrogenase in the rabbit. J. BioL Chem. 208:61.

157. Smellie, R. M. S. 1955. The metabolism of nucleic acids, 2:9. /n E. Chargaff and
J. N. Davidson [ed.] The nucleic acids. Academic Press, New York.

158. Solomon, J. B. 1959. Changes in the distribution of glutamic, lactic and malic
dehydrogenases in liver cell fractions during development of the chick embryo.
Develop. Biol 1:182,

159. Solomon, J. B. 1965. Development of monezymatic proteins in relation to func-
tional differentiation, 1:367. In R. Weber [ed.] The biochemistry of animal de-
velopment. Academic Press, New York.

160. Spray, C. M., and E. M. Widdowson. 1950. The effects of growth and development
on composition of mammals. Brit. J. Nutr. 4:332,

161. Staun, H. 1963. Various factors affecting number and size of muscle fibers in the
pig. Acta. Agr. Scand. 13:292.

162. Swanson, C. O. 1921. Effect of rations on the development of pigs. J. Agr. Res.
21:279.

163. Szent-Gyorgyi, A. 1947. Chemistry of muscular contraction. Academic Press,
New York.

164. Szirmai, J. A. 1962. Histological aspects of the action of androgens and oestrogens,
p. 45. In F. Gross [ed.] Protein metabolism. Springer Verlag, Berlin.

165. Tonna, E. A. 1956. Protein synthesis and cells of the skeletal system. /n The use of
radioautography in investigating protein synthesis. Int. Soc. Cell Biol. Symp. 4:247.

166. Truman, D. E. S., and A. Komer. 1962. Incorporation of amino acids into the
protein of isolated mitochondria. Biochem. J. 83:588.

167. Tsao, T. C., and K. Bailey. 1953. Aspects of polymerization in proteins of the
muscle fibril. Discussions Farady Soc. 13:145.

168. Tyler, A. 1963. The manipulations of macromolecular substances during fertiliza-
tion and early development of animal eggs. Am. Zool. 3:109.

169. Velick, S. P. 1956. The metabolism of myosin, the micromyosins, actin and
tropomyosin in the rabbit. Biochem. Biophys. Acta 20:228.

170. Verzar, F. 1964. Aging of the collagen fiber, 2:243. Jn D. A. Hall [ed.] Interna-
tional review of connective tissue research. Academic Press, New York.

171. Von Bezold, A. 1857. Untersuchungen uber die vertheiling wasser, organischer
materia und anorganischen verbindungen im thierreiche. Z. Wiss. Zool. 8:487.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=20255

Body Composition in Animals and Man: Proceedings of a Symposium Held May 4, 5, and 6, 1967, at the University
http://www.nap.edu/catalog.php?record_id=20255

172.
173.

174.

175.

176.

177.
178.

179.

180.

181.
182.

183.

184,
18s5.
186.

187.

CHANGES IN PROTEIN DURING GROWTH 125

Wallace, W. M. 1959. Nitrogen content of the body and its relation to retention
and loss of nitrogen. Federation Proc. 18:1125.

Washbum, R. M., and C. H. Jones. 1916. Studies of the value of different grades
of milk in infant feeding. Vermont Agr. Exp. Sta. Bull. 195.

Waterlow, J. C., J. Cravioto, and J. M. L. Stephen. 1960. Protein malnutrition in
man, 15:139. In C. B. Anfinsen, Jr., M. L. Anson, K. Bailey, and J. T. Edsall [ed.]
Advances in protein chemistry. Academic Press, New York.

Weller, E. M., and A. T. Schechtman. 1962. Ontogeny of serum proteins in the
chicken. 1. Paper electrophoretic studies. Develop. Biol. 4:517.

Widdowson, E. M. 1965. Chemical Analyses of the body, p. 31. In J. BroZek [ed.]
Human body composition: approaches and applications. Pergamon Press, Oxford,
England.

Widdowson, E. M., and J. W. T. Dickerson. 1960. The effect of growth and func-
tion on the chemical composition of soft tissues. Biochem. J. 77:30.

Wilson, J. D. 1962. Regulation of protein synthesis by androgens and estrogens,
p. 26. In F. Gross [ed.] Protein metabolism. Springer Verlag, Berlin.

Wilson, J. W., and E. H. Leduc. 1948. The occurrence and formation of binucleate
and multinucleate cells and polyploid nuclei in the mouse liver. Am. J. Anat.
82:353.

Wilt, F. H., and T. Hultin. 1962. Stimulation of phenylalanine incorporation by
polyuridylic acid in homogenales of sea urchin eggs. Biochem. Biophys. Res..
Comm. 9:313.

Winick, M., and A. Nobel 1965. Quantitative changes in DNA, RNA, and protein
during prenatal and postnatal growth in the rat. Develop. Biol. 12:451.

Winnick, R. E., and T. Winnick. 1960. Protein synthesis in skeletal muscles with
emphasis on myofibrils. J. Biol. Chem. 235:2657.

Wood, A. J., and T. D. D. Groves. 1965. Body composition studies on the suckling
pig. 1. Moisture, chemical fat, protein and ash in relation to age and body weight.
Can. J. Anim. Sci. 45:8.

Wool, I. G. 1963. Effect of insulin on nucleic acid synthesis in isolated rat dia-
phragm. Biochem. Biophys. Acta. 68:28.

Young, D. M., S. Himmelfarb, and W. F. Harrington. 1965. The structure assembly
of the polypeptide chains of heavy meromyosin. J. Biol. Chem. 240:2428.

Zobel, C. R,, and F. D. Carison. 1963. An electronic microscopic investigation of
myosin and some of its aggregates. J. Mol Biol 7:78.

Zobrisky, S. E. 1957. Physical composition of swine during growth and fattening.
PhD Dissertation. Univ. Missouri.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=20255

Body Composition in Animals and Man: Proceedings of a Symposium Held May 4, 5, and 6, 1967, at the University
http://www.nap.edu/catalog.php?record_id=20255

J. T. Reid, Presiding.  GENERAL
DISCUSSION

M. A. FLYNN In the cells of the newborn there is a large amount of
potassium. Can we further say, on the basis of amount of potassium per liter
of intracellular water, that the quantity of potassium would be greater than the
amount that we usually accept, 150 mEq per liter of intracellular water?

E. M. WIDDOWSON  This is a very good question, and as far as I know there
is no answer to it because, of course, we have no direct way of getting at the
composition of intracellular water. We have to get at it indirectly, and I think
that what you say may well be true. If you take the cell as a whole, I think
this is perfectly true, and there may well be a difference in the composition of
the intracellular water between the fetus and the adult. But, of course, I think
we must emphasize that if we are thinking of the tissue as a whole or of the
body as a whole, quantitatively, the changing proportions of cells to extra-
cellular fluid is much greater than any change within the cell. PerhapsI did
not make that quite clear, but that is the big change, and these other changes
are more minor ones.

B. A. PANARETTO Dr. Widdowson, I rise to make a comment rather than
to ask a question. I think you said during your talk that you saw a breakdown
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of cells in the release of intracellular potassium only in swine that had been
starved almost to the point of death. We have been thinking along similar
lines in Australia for the last 2 to 3 years, and we have been able to produce
this effect very nicely by stressing undernourished animals. We have used cold
as the stress, although we could have used other stressing agents. The pre-
mortal picture is one of cellular breakdown: the release of cellular contents
into the circulation and into the urine. This occurs quickly although some
animals do recover, so death is not invariable. Also, the adrenal cortex seems
to be involved because one can prolong, or at least ameliorate, the effects of
the stress by using adrenal-cortico steroids prior to applying the stress. The
last point I want to make is that histologically, the adrenal glands are quite
abnormal.

M. MARESH 1 would like to ask Dr. Forbes if he has any way of specu-
lating about when, during infancy or childhood, the potassium concentration
changes from the newborn level to the figure that we use in the later childhood
years, that is, the adult figure.

G. B. FORBES This is the difficult question. The point is that there are no
data on composition of children obtained by proper analysis. We have good
data on the fetus and the newborn, and a few data on adults, not as much as
we should have, but very, very little, if any, data on people of intermediate
age ranges. So the matter is that of speculating about the concentration

of material in the fat-free body. We know it is different in the infant than it
is in the adult; the question is when is the change complete. All I can say is
that I would like to speculate that the change is most rapid in very early life.
I do this on the basis of my double logarithmic plots, which, if they are cor-
rect, indicate that in the first year of life a larger degree of change should occur
than in later years. I think, however, that the answer is that we really do not
know. In our own 4°K work, we assume, without any valid reason for doing
50, that the concentration of potassium in the fat-free body in the 7-year-old
is about the same as it is in the adult. Now, if it is a little different in the
adult, it would not hurt us very much, but this is all we have been able to do.

R. M. MALINA 1 would like to direct my question to Dr. Forbes. I was
very much interested in your concept of the changing composition of the
skeleton relative to skeletal maturation. Have you compared any of your
data, in terms of maturation of the skeleton, with perhaps the hand-wrist
atlases, for example, the Tanner-Whitehouse British standards?

G. B. FORBES 1 am not sure what that would tell us. The data I presented
were obtained by others and represent a very extensive and laborious dissec-
tion of the skeleton, and I merely presented the relative weight of the cartilage
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versus the noncartilage components of the skeleton. Now, whether this could
be produced by x-ray or not, I am not so sure. One would have to have a way
of estimating the volume of the skeleton from x-rays and also of estimating the
volume of the cartilage, and I am not sure this can be done as accurately as
one would want to do it. Did I understand your question correctly? Obvi-
ously, an x-ray of the wrist of the newborn baby shows there is very little
calcium, but an x-ray of the wrist of the adult shows that there is a lot of
calcium there, so there has been a change, but I do not know how well it can
be quantitated. Perhaps Dr. Maresh has a better answer than I do.

J. T. REID Dr. Maresh, would you like to comment on that?

M. MARESH 1 think there are all kinds of good theories on the application
of x-rays to such problems. However, I do not think there is an easy solution
to this particular problem.

G. LESSER 1 would like to expand slightly on Dr. Forbes’ comments on
potassium changes with aging. We have no information on growth, because
we have studied only adults in aging. Dr. Forbes made a comment that most
of the fall in potassium per body weight reflected increased fattening. I am
sure that this is true for the largest part, but I think there is appreciable evi-
dence by Maresh to show that there is probably an absolute decrease in
potassium relative to the fat-free body as well, which accentuates this change
with adults. For example, there was work done about 10 years ago in which
it was found that potassium in young and old adult populations showed a
great deal of change even when potassium was expressed per unit of body
height, which would not be expected to change too much with aging. In
addition to this, our indirect fat studies on total populations represented at
least good estimates for the fat-free body in these people. If we take those
we have in a population that sticks very much to American standards, just by
plotting the data for the fat-free body of the large groups that Anderson and
Langham and others have studied and their body potassiums corrected for
body fat, it appears very definitely that potassium per unit of fat-free body
tends to fall. I think it would be odd to observe also that total potassium
per liter of body water fell. Body water seems to be a constant portion of the
lean (or the fat-free body) in aging also. I think that by now, while there is
not absolute evidence, it does appear that in senescence there is a fall in the
total potassium and probably also in the cell content. I wonder if you would
comment briefly.

G. B. FORBES I do not think I should now, Dr. Lesser. The most impor-
tant work that has been done in this field has been done by you, and I think
your comments are most worthwhile. Certainly you have shown that the ratio
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of extracellular water to total body water does, as you determine it, increase
slightly with senescence, and one would predict, therefore, that potassium
would reflect this as well.

A. R. BEHNKE 1 have been admiring Dr. Forbes’ footwork here, but I do
not want Dr. Bailey to go home and tell his wife that no one asked him a
question. My question is this: In athletes it is possible to increase the muscle
mass by as much as 40% by isometric contractions. It is possible to put on
30, 40, or even 50 pounds of muscle mass. It should be possible also in cattle
to induce this marked increase in muscle mass. What is the nature of this
hypertrophy?

M. E. BAILEY This is not a new question, of course, and all of us are
familiar with the phenomenon. Some of the older literature would indicate
that hypertrophy due to increased activity is due to increase in sarcoplasmic
protein. This does not seem reasonable to me. Helander, a Swedish worker,
recently published a review including his own data which involved many years
of work on this problem. According to this worker, muscle hypertrophy re-
sulting from exercise is due to an increase in quantity of myofibrillar protein,
This increase could occur in several ways, and I would guess that hypertrophy
in this particular instance is due to an increase in the number of myofilaments
of the muscle fibers and not to increases in their individual sizes.

G. C. PITTS 1 would like to make two comments, if I may. While admiring
the data that Dr. Widdowson reported, I was a little bit disappointed to find
that her fractions of water in the fat-free body of various species did not fall
in line with the relationship that I just reported, namely, that the muscle
water was inversely related to the size of the animal’s body. I would have
said that the values on cattle were too high, and that the values on rats were
too low. These comments may or may not apply to her data, but as a pre-
caution, I would like to point out that when I first began to search the litera-
ture for comparative data, I found that I had to be very careful. First of all,
you have to control your age group very carefully. This has been made clear
in the reports of several people. Second, when an author says he has deter-
mined the total water of a carcass, he might mean, as I did, that he has cor-
rected the carcass for the weight of fur and gut contents. Or, he might have
ground up the fur and gut contents with everything else, which makes a big
difference; or, when he says the total water of the body, he might be talking
about the eviscerated carcass. In some cases he might be talking about the
eviscerated skinned carcass. All of these things occur, and we have to be very
careful that we are comparing similar situations here. Now, in my own report,
I presented values of 70 to 71% on cattle and up to 78 to 79% on mice and
shrews, and I think I was able to demonstrate a regression line that has some
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significance, only because the whole series was done by a careful, standardized
technique.

May I make one more comment? Dr. Widdowson tended to emphasize
variations in the various fractions or in the fat-free body, whereas I emphasized
the constancy in these fractions. I think that this stems from the fact that she
is extrapolating from work on human beings, and I, on small mammals. If you
look at a great deal of the data derived by direct determination of a variety of
mammals, you see work on cattle, guinea pigs, rats, and other animals, and in
almost every case, the standard deviation is plus or minus above 1 percent of
the mean. This includes methodological error. I believe biological error will
have a standard deviation smaller than this. Now this caused me some con-
cern, as it did Dr. Widdowson, when I thought of human beings who pick up
a kilogram of weight one day and a pound the next day. I would point out
that if a fellow goes out drinking beer with the boys, he might come home
weighing 2 kilograms more than when he left. But by the time you get him
on the scales, he has already had half or more of this ingested volume in his
blood, and this contributes to the gross weight of the human being. But, with
my small mammals and direct determinations, I correct for water in the blad-
der and gut content and for the weight of the hair and what-all. Also, I would
persist in feeling that the fraction of water in the fat-free body is regulated
with the precision that compares well with the regulation of, say, pH in
plasma, or pCO, in arterial blood.

S. L. HANSARD We say a lot about the effect of different treatments on
animals as they increase in weight. I wonder if Dr. Bailey has made any at-
tempt, for instance, on the massive data that he reported to separate the effects
of age and weight, that is, the effects or the changes with age if we maintain a
constant weight. Now, this is not too important in mature animals, but when
we speak of weight changes with age from the fetus to mature animals, this is

a big factor—one I think we are going to have to consider.

M. E. BAILEY This would involve a somewhat different analysis from that
discussed. However, the data studied indicate that for animals of the same age
in which nutrient intake was restricted, the protein gain relative to body weight
was similar or somewhat greater than for animals fed higher levels. When ani-
mals of approximately equal weights that differ considerably in age are com-
pared under the conditions of restricted and ad libitum feeding, the restricted-
fed animals contained a greater proportion of protein to empty-body weight.

G. M. WARD I was interested in Dr. Forbes’ postulate (if I got it correctly)
that growth may be limited by the maximum of the extracellular water mass.
If this is a possibility, then as senescence occurs in animals, shouldn’t the
extracellular volume be decreasing rather than increasing?
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G. B. FORBES 1 offer this as pure speculation, Dr. Ward, but I think there
is an explanation from the relative increase in extracellular water. The fact
that connective tissue may form a larger component of the muscle mass in the
aged than in the young and that connective tissue has a higher extracellular
fluid component relative to its total water than does muscle per se indicates
that if one had a change with aging in the relative contents of connective tis-
sue and muscle fibers per se, one would expect the ECF to increase relatively.
I cannot speculate any more than that.

A. M. PEARSON  We have been interested in the variation that occurs from
muscle to muscle within the same animal. In looking at it both from the
standpoint of potassium and from the standpoint of water, we find that there
is variation from muscle to muscle on the fat-free basis. We have assumed that
one of the reasons for this, as Dr. Forbes mentioned, is the different type of
protein that is present. We have not looked at this yet, but perhaps we are
thinking that in the case of some muscles we may have a high connective-
tissue content and in others, a high content of contractile proteins, and that
these may account for the variations we find in potassium, for example. We
were wondering if anyone had any similar experience?

E. M. WIDDOWSON 1 have not had any experience myself, but Dr. Flear in
England has made measurements of chloride in different muscles.

A. M. PEARSON Chloride or potassium?

E. M. WIDDOWSON  Yes, he did potassium as well, but he has seen the same
thing, big variations from one muscle to another.

K. HANSEN 1 would like to ask Dr. Bailey the converse of the question
asked by Dr. Behnke: What happens to protein in muscles during atrophy,
particularly during denervation of either lower motor neurons or upper motor
neurons?

M. E. BAILEY P'm sorry I have no direct answer for that. We assume that
in the case of hypertrophy there is an increase in myofibrillar proteins, which
is reciprocally related to your question. In a diminution in size of a muscle,
you might possibly find a decreased content of this particular type of protein
and perhaps slightly more sarcoplasm and fat associated with the muscle cell
than are normally found. There are numerous disease syndromes associated
with loss of muscle mass during disuse atrophy. Much recent work in this re-
gard has been done on the hydrolytic enzymes, particularly cathepsin localized
in the so-called lyzosomes of muscle and other cells. Work at California under
the direction of Dr. Tappel in regard to protein catabolism in muscular dystro-
phy shows that there is actually a decrease in contractile protein, and that
there are increases in peptides and free amino acids.
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E. C. ANDERSON In view of Dr. Behnke’s remarks about the spectacular
effect of isometric exercises on athletes, I would like to ask the animal hus-
bandry people in general if they have tried improving the diameter of sirloin
steaks by isometric exercising of a cow.

R. T. PRESTON Can you tell me how to teach these animals to do iso-
metric contractions? I think there is someone, maybe Dr. Garrett would
comment on this, who did some work with swine standing on their hind legs
while feeding.

W. N. GARRETT I am looking around for Dr. Heitman, who actually did
the work. I saw him earlier today but I do not see him volunteering. I really
do not have any detailed comments to make on this except that perhaps they
were able to change the muscle of the ham somewhat by having the animal
stand on its hind legs to eat, and in some experiments they also ran a treadmill
at the same time. There were complicating factors, I believe, in that the ani-
mal in this uncomfortable position would not eat as much. So then, the com-
plicating factor of slower growth was confounded with the difference in
muscle size. If Dr. Heitman comes in later, he can comment more fully on
this experiment.

A. R. BEHNKE 1 think I can add something to that. Put straps on the
animals’ hind legs, have the animals pull against a spring, and stimulate them
by mild electrical stimulation applied to the caudal extremity or area. Then,
the animals will pull against resistance. All that is necessary to cause muscle
to hypertrophy is resistance to exercise. This would not be practical were it
not for the recent finding that either a period of 10 minutes or intermittent
periods lasting 2 or 3 minutes several times a day during which the resistance
exercise approaches the maximal will produce sufficient muscle fatigue to cause
the muscular hypertrophy that I spoke of.

Now I want to make one remark about the hibernating of quiescent muscle.
It is quite amazing that no one has studied either muscular hypertrophy or
the hibernating muscles of an animal before and after hibernation. Even
people like my good friend Manuel Moralis, who is an authority in the field,
cannot give me an answer. I did see some work at one time to show that the
amount of adenosine triphosphate in the muscles of the hibernating animal
was about one half that in the muscles of the active animals.

H. H. STONAKER 1 would like to direct two questions to Dr. Pitts. First,
has the muscle-bone ratio, independent of fat deposition (or on the fat con-
stant basis), been observed through this range of species as a function of the
body size? Second, has the body composition of these various species been
determined under quite different climatological conditions, such as tropical
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versus arctic? Have these kinds of association been drawn from your data as
yet?

G. C. PITTS With respect to the first question, I must admit that these data
are quite old, but I am still in the process of working them out, and I do not
have the answer to your question on muscle-bone ratio.

The other question: yes, I have looked into this, and I could find only one
particularly significant difference between arctic- and tropic-zone mammals.
That was a significantly greater percentage of the total fat present in the sub-
cutaneous depot of arctic mammals than in temperate-zone mammals. One
can reason from this and say, “Well, if it (fat) can serve as an insulator, it will
do an arctic mammal the most good,” and this is the only significant differ-
ence between most of the groups that I have been able to demonstrate so far.
If it is possible to sort out some of those other interfering variables, I hope to
find other things.

QUESTIONER 1 understand that a hippopotamus is a very lean animal. Is
this correct?

G. C. PITTS 1don’t know one. I would love to work with a hippopotamus,
if I could find a patient technician who would dissect him for me.

J. T. REID 1 think we might have one more question. Dr. Martin.

T. G. MARTIN I would like to ask Dr. Widdowson if analyses of whole-
body potassium and sodium content would be likely to give us any concrete
leads concerning the relative volumes of intracellular and intercellular fluids?

E. M. WIDDOWSON 1 think whole-body potassium would certainly give us
a good measure of intracellular fluid, but not of sodium. Of course, as Dr.
Forbes said, a considerable amount of sodium in the body is in the skeleton.
Only a fraction of the body sodium is associated with the extracellular fluid.
Chloride would be a much better bet than sodium.
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s etorn - OPPORTUNITIES AND
PITFALLS IN THE
MATHEMATICS OF
BODY-COMPOSITION
STUDIES

It is appropriate to commence by delimiting the topic. The literature indicates
plainly that most of the mathematics used in the study of body composition
is statistics, and this appears likely to continue for some time.

Statistics is only making sense out of data, and I have not detected oppor-
tunities that seem more specific. This brings me to pitfalls and how to
recognize them. A description of statistical mistakes could be based on
general experience, but then it might happen that none of you would hear
anything of interest. Hence *“pitfall”” will mean here an error into which
someone has fallen in body-composition studies. My source is Body Compo-
sition, the report of the 1963 conference.! Little will be said about specific
measurement techniques or about specific problems of body-composition
research, such as compartment analysis. Attention will be focused mainly on
problems of statistical analysis of body-composition data, with interpretation,
and with actual errors.

In dealing with errors, there will be no effort to disguise sources: surely
we are all concerned chiefly with the advance of science and the exposure of
error. I make more than my share of errors, and still manage with an effort
to welcome correction. The prevalence of statistical errors in the report of
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the 1963 conference leads me to think that most of you will be struck at
least a glancing blow: I hope you will feel benefited.

There will be little or nothing new in my remarks. In particular, many of
these matters were dealt with by Harrington in his contribution to the 1963
conference, though it is possible to disagree with him on some points.

To begin, let us dispose of some myths. A simple one, which is fairly
common, is the notion that the scale unit, or least count, of a measuring de-
vice limits the accuracy of a mean value of a sample of measurements and
that the mean should not be reported beyond the units of measurement. If
tenths of a scale division are estimated, it may be supposed that the mean is
worth reporting to tenths. In fact, the scale unit is ordinarily of little im-
portance to the accuracy of the mean. A rule for rounding a mean value, or
any other statistic, should be such that the error introduced by rounding is
itself of little importance. An effect of rounding is to increase the variance.
Just as a mean value can be improved by increasing the sample size, an in-
crease in variance can be regarded as a reduction in sample size, that is, as
discarding a portion of the data. If we evaluate the standard error of the
mean (or other statistic), divide it by three, and take the position of the first
significant digit to be the position of the last digit to be retained in the mean,
we have a rule that conserves at least 99% of the data. An old British sample
of 8,585 heights of men to the nearest inch yields a mean of 67.4583503 in.
with a standard error of 0.0277638 in. One third of the standard error is
0.0093, so that we must retain the third decimal in rounding the mean if we
are to conserve at least 99% of the data, though obviously two decimals will
almost satisfy the rule. Hence, we report a mean of 67.458 + 0.02776 in.,
the same rule being applied to the standard error.

Now consider what has been lost by measurement to the nearest whole
inch. The sample variance is increased by what can be called the recording
variance, in this case the variance of errors about equally distributed from
-% to +% in., having a variance of 0.0833. Hence, the variance, 6.62 in.2,
was inflated by 0.0833, or about 1.28%, and more precise measurement
would have led to an equally accurate mean height from a sample of only
8,477. This illustrates the rounding rule again. The standard deviation was
2.572 in., so height should have been measured to tenths of inches, according
to the rule, to conserve at least 99% of the information in each datum; but
measurement to the nearest whole inch nearly satisfies the rule.

Does it make sense to report the mean height to the third decimal in
inches? Probably not, even for such a large sample. Remember that the dis-
cussion has concerned a purely statistical consideration, the precision of
measurement. Accuracy is another matter. The obvious importance of
posture, and the known effect of time of day (or perhaps time since last
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sleep) are big enough to destroy our interest in the third decimal, and prob-
ably in the second, unless the procedure is very carefully standardized and
described. In fact, it may mean little to report an average value beyond the
precision of single measurements, but if so, it is because the accuracy of single
measurements is limiting, not the precision.

Another myth is that, in approaching an experimental study, the experi-
menter should have no desire concerning the outcome, and even no precon-
ception. That is nonsense, if only because it is impossible. What is necessary
is an appropriate statistical design, with a suitable element of randomness,
which will permit unbiased estimation of treatment effects and of the ex-
perimental error variance, and an objective evaluation procedure, or, if not
objective, at least not influenced by the experimenter’s prejudices or hopes.
As is widely recognized, clinical evaluation of medical treatments requires
both the patient and the evaluating clinician to be ignorant of the treatment
received by the patient being evaluated. This may be difficult because side
effects, such as jaundice, may enable the clinician, and perhaps even the
patient, to recognize at a glance which treatment the patient has received.

Another myth is that ratios of ratios, or ratios with a common factor,
should not be used. Remember that the object is to make sense out of the
data. That license is broad enough to include ratios of ratios. It may be hard
to think straight about them, and likewise about ratios with a common factor,
or so-called spurious correlations, or correlation of a part with the whole, but
none is proscribed: use them with discretion, like any other statistic or
method, but do not be discouraged from using what you need.

Enough of myths.

Most statistical analyses of body-composition data use correlation or re-
gression or covariance analysis. To begin, the correlation coefficient is a
comparatively meaningless and useless statistic.? It tells only two things. Its
sign indicates whether the dependent variable increases or decreases as the
independent variable increases. Its square is the fraction of the variability of
the dependent variable which is associated with, or ascribable to, or explain-
able on the basis of, variation in the independent variable. Both are readily
obtained without calculating the correlation coefficient itself. As is now
generally realized, correlation does not demonstrate a cause-and-effect re-
lation, no matter how close the correlation is.

Estimation of the correlation coefficient requires a random sample from a
bivariate population, an uncommon thing at best. Unless the data constitute
such a random sample, the sample correlation will not be an unbiased esti-
mate of the population correlation, and there will be no possibility of sound
statistical comparison with another value of the correlation coefficient except
zero. In fact, the regression coefficient is nearly always to be preferred.
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An unbiased estimate of the regression coefficient requires that values of
the dependent variable be unselected. Values of the independent variable may
be chosen at random, or equally spaced, to include unusually large and unusu-
ally small values, or in any other desired way independent of the value of the
dependent variable. As long as dependent-variable values are ignored in
sampling, the regression coefficient and the regression line will be unbiased,
but the correlation will be biased if the standard deviation of the indepen-
dent variable is biased. A deliberate effort to include a wide range of values of
the independent variable may often be good strategy, both by increasing
the sensitivity of the test of deviation from linear regression (and of any test
of homogeneity of deviations from regression) and by increasing the precision
of the sample regression coefficient. Nor is anything lost from evaluation of
the closeness of relationship, which should be based on the deviation mean
square, not on the correlation coefficient.

Testing the significance of a regression coefficient is precisely equivalent to
testing the significance of the corresponding correlation coefficient. If two
samples are to be compared, comparison of the regression coefficients will be
straightforward if sampling is random with respect to the dependent vari-
able. The regression coefficient is more informative than the correlation co-
efficient because it has dimensions, being expressed in pounds per inch,
grams per liter, milliosmols per minute, and so on.

In testing the significance of the difference between two correlation coef-
ficients, Fisher’s z-transformation is sometimes mentioned as if it solves all
problems. It does not. If the two correlations involve a common dependent
variable, a test is needed that takes into account the fact that the sample
comes from a population with an unknown correlation between the two in-
dependent variables. This unknown value is sometimes called a nuisance
parameter. An exact test of significance is available, and it may give a much
different result from routine application of the z-transformation. To illustrate,
suppose we have a sample of 1,000, in which the correlations between a de-
pendent variable and two independent variables are 0.1 and 0.2. By the
z-transformation we would arrive at 2.286 for ¢, significant at the 5% level.
The exact test involves the sample correlation between the two independent
variables. If this correlation is 0.7, 0.0, or +0.7, the respective values of ¢
are 1.91, 2.35, and 4.27.

Reference to randomness of sampling of the dependent variable raises the
question of what variable to label dependent. A purely semantic difficulty is
removed by thinking of predictor variables and a predictand. The predictors
will not usually be independent of each other or of the predictand, so
“dependent” and “independent” are somewhat unsuitable terms. As the
predictand is the variable whose errors are minimized in the least squares
arithmetic, it is important that the variable treated as dependent be exposed
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to sampling error. For example, if response is to be used to estimate the ef-
fective dose of a physiologically active material, and the basic relation is es-
tablished by testing several doses of the pure substance, it will be meaningless
to calculate the regression of dose on response, though that might seem to be
appropriate if the relation is to be used to estimate dose from response.
Because response, not dose, is exposed to sampling error, the regression of
response on dose should be used to infer the unknown dose that elicited an
observed response.

Sometimes one encounters statements such as *“‘Assignment of the x-axis to
fat values . . . expresses our belief that fat is the independent variable.” Enough
has been said to indicate that a choice between dependent and independent,
based on some concept of the underlying physiological relationship, may be
statistically inappropriate. However, this example, in which the other variable
is fat-free body weight, is clearly a case in which both variables result from a
complex of causes, including diet and exercise, in particular, and neither can
be regarded as independent in the sense of causality.

Another point concerns manipulations of the dependent variable. It is
common in nutrition experiments to analyze weight gains. Also, covariance
adjustment of weight gains to equal initial weight is usually worthwhile. It is
not always realized that analyzing gains is precisely equivalent to analyzing
final weights if covariance is used to adjust both to equal initial weight. The
sole difference is that the gains regression coefficient will be less by unity, the
result of subtracting initial weight from both sides of the final-weight obser-
vation equations. When the significance tests give identical results, it is be-
cause they are mathematically equivalent, not *‘for lack of statistically
significant differences in initial weights.”

The choice of functional relationship is important. There are two distinct
common objectives of curve fitting. The simpler one is to provide a formula
usable for estimating the value of the dependent variable. For this use, sim-
plicity of the selected function, especially simplicity of calculation, is the
aim, and a polynomial is often used. The more complex and more important
objective is to approximate the natural relationship. To do this, the selected

function should satisfy all the obvious requirements. For example, to be
considered for representing body weight during growth to maturity, a function

should approach asymptotically an upper value which, for this example, is the
mature weight. In using cyclopropane to measure body fat, it has been pro-
posed that the body must be considered to have a minimum of three com-
partments, and the function fitted to the data therefore includes three distinct
exponential terms.

Data on fatness in guinea pigs exercised from weaning at 21 days of age to
“retirement”’ at 240 days of age were given in a graph similar to Figure 1, with
a footnote that “The fatness curve was fitted visually.” The point at 240
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FIGURE 1 Effect of retirement on fatness.

days is the mean of 12 animals, with a standard deviation of 3.7 units of per-
centage of fatness, and the other eight points represent single individuals.
What can be learned from these data? I have found only one comparison
significant at the 5% level. The datum after 6 days of retirement was pointed
to as being more than two standard deviations above the 12-datum mean at
240 days, but the #-test does not reach the 5% level. The linear regression line
fits the nine points adequately: the mean square deviation being about 18,
with 8 degrees of freedom; the error mean square being about 14, with 11
degrees of freedom. However, the 1 degree of freedom for linear regression
achieves a mean square of only about 58, appreciably short of the 5% level.
In fact, despite whatever plausibility the visually fitted curve may have, the
data do not give significant indication of any effect except that average fat-
ness was higher for retired animals than for those terminated at 240 days of
age.

In further discussion of the same experiment, it is said to be “invalid” to
compare the exercised group to the sedentary group as a whole (that is, I
suppose, to compare their mean values), and that the role of exercise can be
properly assessed only if the influence of fat is held constant. First it should
be noted that any comparison should have a definite objective. There is no
invalidity to a direct comparison, say, a z-test, of whether the exercised and
sedentary animals were of equal average fat-free body weight. The answer
was unexpected, the exercised animals being the lower, contrary to the known
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tendency of exercise to cause muscle hypertrophy. Hence it was suggested, in
effect, that the regression of fat-free body weight on total body fat for seden-
tary animals should be used to adjust for the “effect” of total body fat; and
it was concluded that the exercised group was “obviously heavier, 7 of the 12
values falling 2% or more standard errors of estimate above the regression
line.” This procedure was unconventional, and covariance analysis should
have been used. The result is, indeed, that the exercised group has the higher
adjusted mean, but not enough higher to reach the 5% significance level.

Does the covariance adjustment yield the answer to an interesting question?
Of course, it answers the usual formal question: whether sedentary animals
and exercised animals of equal total body fat are equal in fat-free body weight.
What remains obscure in this example is the role of fat-free adipose tissue:
whether it should be included in fat-free body weight, and whether adjust-
ment to equal total body fat is the adjustment that is really wanted. These
are not statistical questions. Regression of fat-free body weight on total body
weight is significant beyond reasonable doubt, indicating clearly that each
increment of fat is accompanied by an approximately equal increment of fat-
free body weight, but the data do not indicate the composition of the incre-
ment of fat-free body weight.

A question about correlation concerns the possible values of the third
correlation among three variables when two correlations are known. If the
correlation of A with B is r, and of B with C is s, what is the correlation of A
with C? Obviously there is some reason to expect a value 7s. In fact, it must
lie in the range rs t f, where ¢ is the square root of (1 — »2) (1 — s2). This may
be much narrower than the possible range (-1 to +1), but will usually be so
wide as to seem of little use. For example, if 7 = 0.6 and s = 0.8, the third
correlation must lie in the range from O to 0.96. These limits apply not to the
population value but to the value calculable from the given sample of values
of A and C. Hence, even these wide limits may fail to include the population
correlation.

Harrington, in Body Composition, quoted a correlation of 0.96 between
red-cell volume and total excess protein, but pointed out that the correlation
of protein with body weight was 0.99, which suggested to him that red-cell
volume would be of little use for differentiating these animals on the protein
scale at the same body weight. This raises the question of the partial corre-
lation between red-cell volume and body weight. We can calculate that the
total correlation must lie between 0.9109 and 0.9899, the third and fourth
decimals being given for clarity. This range corresponds directly to the pos-
sible range, -1 to +1, for the partial correlation. If the total correlation is
0.92, the partial correlation is -0.77. Can we say anything useful about the
partial correlation when the total correlation is unknown? I think not. In
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passing, you may like to note that the quoted correlations are based on 40
pairs of data. On the basis of the rounding rule stated earlier, these corre-
lations should be reported to three decimals. Also, it is worthwhile to point
out the bias in these correlations: The 40 animals were in two groups re-
ceiving different amounts of feed, leading to a gross difference in body
weight, and lower correlations should be anticipated in any data that have
not had the range of the independent variable artificially expanded. Specifi-
cally, the correlation for the low-intake animals was probably about 0.71.

Supposing no real understanding of the natural relations involved, what is
the general approach to statistical analysis of data that should be employed
to arrive at an empirical formula for estimating one variable from the values
of several others? This is the typical multiple-regression problem, and several
points require attention. First, multiple-regression analysis is least squares
analysis. As mentioned elsewhere, that means that the variable taken to be
dependent must sample an error variability to be minimized by the least
squares process. Further, this error variability should be homogeneous. This
is familiar in the use of a pooled error term. Pooling is appropriate when the
quantities pooled are samples of the same error variance. In biological data,
the error variance frequently increases as the value of the dependent variable
increases. For example, if final weight is observed after various feeding peri-
ods, it is common to find that the variability of final weight is greater for
those fed longer. If a regression of final weight on feeding period is calcu-
lated in the ordinary way, the error sum of squares will be a mixture of
samples of unequal population variances, and tests of significance of goodness
of fit or of the regression coefficient may be seriously misleading. The error
variance indicates how near to the subgroup mean the regression need pass
for a satisfactory fit. If the errors are treated as if all have the same variance,
the line may deviate significantly for the earlier points from the location that
would be found by a correct analysis, that is, taking account of heterogeneity
of error variance.

Transformation of the dependent variable, perhaps to logarithms, may
make the error variances homogeneous. An attendant effect may be to
change a linear relation to curvilinear, but this can sometimes be overcome by
transforming the independent variable(s) also. The alternative is to utilize
statistical weights in the multiple-regression arithmetic. If theoretical weights
are available, this is straightforward and will result in a sum of squares of de-
viations from regression which is distributed in the chi-square distribution if
the regression function is suitable. If statistical weights have to be estimated
from the data, the deviation mean square can sometimes be referred to the
Fddistribution.

Second, curvilinearity should be sought. How far one should go in this
direction is not easy to say. Of course, if a relation is understood well enough
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to suggest that it is probably not linear, several powers of the independent
variable may be needed for an adequate fit and should be included so they
can be tested. The results should be interpreted with common sense. For
example, if 10 points that come from a linear relationship are available for
analysis, and a ninth-degree polynomial is fitted so as to make a thorough
test, there will be eight regression coefficients for powers above the first. By
hypothesis, they should be nonsignificant, but, at the 5% level, the chance
that at least one of eight will be judged significant is 0.34. An apparently
significant coefficient should probably be disregarded if the coefficient of the
next lower power is not significant, and almost surely if the next two lower
coefficients are not significant. It is worth noting that the sum of squares
accounted for cannot decrease when a term is added to the model. Hence,
the statement “We . . . found the 7 for the third-order equation to be approxi-
mately the same as for the parabolic form, but . . . markedly diminished for
the fourth order” indicates a mistake in arithmetic.

In seeking curvilinearity, products of independent variables should not be
overlooked, xy being no less appropriate than x2 and y2, and it might be the
only second-degree term needed. If the regressionisz = a+ bx + ¢y + dxy,
the regression of z on x is linear for fixed y, with regression coefficient
b + dy, and similarly for regression on y. This is a real enough possibility, and
can be recognized only by including xy among the independent variables
tested.

What are we to think of the case in which the quadratic regression coef-
ficient is significant beyond reasonable doubt, but the linear coefficient is
nonsignificant? Some would discard the linear term. This is done auto-
matically by some so-called step-wise multiple regression computer programs,
which Yates? has said will be rejected by experienced statisticians. Of course,
there are natural phenomena that require a term of second degree, an example
being the distance moved, as a function of time, by an object under the in-
fluence of gravity. Data for objects initially at rest require only ¢ as an inde-
pendent variable, the physical relation beingd = ar?. A little grasp of this
relation might lead to a choice of data starting at rest, but with a more com-
plex situation, the best choice might not appear. Suppose, instead, that we
chose, or could acquire, data for some fixed initial speed, s. The physical
relation would be d = st + at?, and we might find s “nonsignificant” if we
made appreciable errors of observation. In fact, when a relation is quadratic,
the value of the partial linear regression coefficient is affected by the choice
of origin of the independent variable. For one origin its value is zero, and for
nearby origins it will be judged nonsignificant. In my view, such a nonsignifi-
cant term should usually be retained in the model, on the ground that it
would be too great a coincidence to have selected that origin for which the
linear coefficient was exactly zero. Hence, the best available value should be
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retained, and should have its influence not 6nly on the error mean square
and upon values estimated from the regression equation, but especially upon
the error variance of estimated values.

After fitting any model, the fit should be tested. One way is to compare
the deviation mean square to the error mean square. The deviation mean
square will ordinarily have several degrees of freedom. A more sensitive test,
with only one degree of freedom, is sometimes possible. For example, it is a
better test of the adequacy of a straight line to test the quadratic term for
significance. If the fit is satisfactory, individual partial regression coefficients
can be tested for significance, or groups can be tested jointly by fitting a re-
duced model and testing the change in the deviation mean square. If the fit
is not satisfactory, some change in the model is indicated. Tests of partial
regression coefficients may nevertheless be useful, but they should use the
deviation mean square, not the error mean square.

The ease of multiple-regression arithmetic, especially when computerized,
may lead some to fit polynomials of high degree, involving many partial re-
gression coefficients, and to overlook the great gain in simplicity and under-
standing that can result from a more thoughtful choice of function. An
exponential function approaching a horizontal asymptote from below, with
only three adjustable constants, may fit growth data far better than a
second-degree polynomial, also with three adjustable constants, and may give
a more reasonable extrapolated value for ages above those observed.

Given a statistically adequate fit, the next question concerns the practical
utility of the model. This is primarily a question of the deviation mean
square, and it (or its square root, the standard error of estimate) should
always be reported. It tells how near to the several datum points the fitted
function passes. The correlation coefficient can be manipulated within wide
limits by selection of values of the independent variable(s), but such selection
has no effect on the deviation mean square.

A secondary practical consideration concerns convenience of use, whether
a simpler function would fit well enough for a specified practical use, even
though statistically inadequate, or whether another function entirely might
be more practical. These questions have to be considered in the individual
case.

The use of regression equations can raise puzzling questions. In one case
it was said that

Since there is a random counting error . . ., it is not surprising that at times potassium
values predict lean body weights somewhat in excess of total body weight. We do not
feel justified in discarding such cases but it would obviously be absurd to make compu-
tations based on lean body weights in excess of body weights . . . where this occurred
the lean body weight was taken to be the same as total body weight and body fat was
taken to be zero.
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Perhaps no one will disagree with this procedure if the sole purpose is to get,
say, an estimate of fatness for individual clinical use, and it is understandable
that a negative fatness does not appeal. However, it is when computations are
to be made that these absurd values are to be used unaltered. As a simple ex-
ample, suppose the average fatness of a group is the desired value. One usual
desideratum underlying the use of a statistical relationship is that it give un-
biased estimates of individual values. If a statistical formula is unbiased, and

if there are individual values near some boundary (such as weight zero), absurd
values will indeed sometimes result from sampling errors. If such absurd values
are ““corrected” by reduction to the permissible limit, some of the sampling
errors are being reduced, but there is no way to make a compensating reduc-
tion in sampling errors that happen to be in the opposite direction. Hence,

the average value will be biased. This can be appreciated in another way, for
the simple case of linear relations, because the average estimated y can be ob-
tained not only by averaging the estimated individual y’s but also by inserting
the average value of x into the equation. Even the average x might lead to an
absurd estimate of y, but that is surely better than to adopt a nonabsurd value
reached by biasing some of the data, if only because it gives a warning regarding
the estimated value.

REFERENCES

1. BroZek, J. [ed.]. 1963. Body Composition. Ann. N. Y. Acad. Sci. 110:1-1018.

2. Tukey, J. W. 1954. Causation, regression and path analysis. /n O. Kempthorne,
T. A. Bancroft, J. W. Gowen, and J. L. Lush [ed.] Statistics and mathematics in
biology.

3. Yates, F. 1966. Computers: the second revolution in statistics. Biometrics 22:233-
251.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=20255

Body Composifion in Animals and Man: Proceedings of a Symposium Held May 4, 5, and 6, 1967, at the University
http://www.nap.edu/catalog.php?record_id=20255

s L—U N. Hazel  INVITED
owa State University DI s CU s S| ON

Dr. Norton has done an excellent job of summarizing the useful statistical
tools available for use in biological investigations and illustrating some of the
common pitfalls that are encountered frequently in their use or, perhaps,
misuse. Having accepted the task of acting as discussant for this section, I
must find a few points to emphasize differently, or to re-emphasize, or to
disagree with to some extent. But my remarks are made in the hope of en-
suring clarity and do not indicate that any broad area of disagreement exists
with the statements and principles he has outlined.

While statistics will be most useful in comparing methods and techniques
involved in measuring body composition and in estimating parameters re-
lated to composition, these statistics scarcely can be a goal in themselves.
Mathematics will increase in usefulness as accurate estimates of statistical
parameters become available. Then these can be utilized in the necessarily
complex mathematical equations to describe the obviously complex growth
rates of organs and tissues and of the interactions among them. We need more
emphasis on rates of cell multiplication and loss in individual organs and of the
changes in their chemical content. Then mathematics can become fully useful
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for describing biological phenomena, as has been the case for describing the
physical world.

Dr. Norton’s comment concerning the unimportance of preconception con-
cerning the outcome of an experiment deserves re-emphasis. The important
points are in developing the hypothesis to be the subject for experimentation
and in choosing a statistical design that will give an unbiased answer. The re-
searcher’s own knowledge and experience frequently will and should suggest
the probable nature or direction of the outcome.

Dr. Norton’s warning concerning that “‘comparatively meaningless and use-
less statistic,” the correlation coefficient, probably was occasioned because he
has seen us use it wrongly so often, rather than because he wanted us to accept
those critical adjectives literally. His later comments seem to bear out this in-
terpretation, because they make a good handbook of how to use correlation
coefficients correctly, or at least of how to avoid the errors frequently made
in their use.

The most distasteful fact about the regression coefficient is that one must
choose a dependent variable and one or more independent ones. Frequently
the choice may be self-evident; frequently it must be made more or less arbi-
trarily; at other times the choice must have a purely statistical basis, because
only one of the variables has the statistical properties required of the depen-
dent variable. Because the words “independent” and “dependent” imply
cause-and-effect relationship, Dr. Norton’s suggestion to substitute the terms
“predictor” and “predictand” has considerable merit where no biological
basis exists for identifying the variables that represent each of the effects.

Dr. Norton has pointed out that the dependent variable must be unselected
to obtain unbiased estimates of the regression coefficient, but that selection
of the independent variable does not cause bias as it does with the correlation
coefficient. He has also suggested that a deliberate effort to include a wide
range of values of the independent variable may be good strategy. This prac-
tice, if used consistently, is likely to have more disadvantage than otherwise.
First, if nonlinearity is not evident in the bivariate distribution of variates that
are usually encountered in our biological problems, we are not likely to make
serious errors of interpretation by ignoring its existence. Second, deliberately
choosing values outside our usual experience ensures that they are uncommon,
if not actually unusual! The extra variation introduced thereby may obscure
or minimize an important relationship that exists in more homogeneous data.

Third, error variances (deviation mean squares) are likely to be more hetero-
geneous when the independent variable is made to vary widely. For example,
the 4°K count of 3-year-old children is considerably less variable than that of
30-year-old adults. Fourth, this practice is likely to open the door to the very
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statistical misuses that we propose to warn you about. You may be tempted
to compute a correlation coefficient from such data or to infer that the vari-

ance in count accounted for by age means a great deal more than the obvious
fact that body weight in the two age groups is vastly different.

Dr. Norton has passed over without comment a questionable practice that
is becoming increasingly common in these days of easy computer analysis.
When computation was more difficult, relationships usually were not studied
unless they were thought to have biological meaning. Now that it costs so
little to “look and see,” many nonsense regressions are calculated. Taken
individually, 5 out of 100 of these will prove to be statistically significant
when, in fact, the true relation is zero. This practice of examining the sta-
tistical significance of many relationships and retaining only those that are
larger distorts the probability distributions of the retained variables in an
extremely complex manner. I don’t say not to engage in the practice but to
only say “be careful” may be minimizing the danger. If the conclusions to be
drawn after such treatment are very important, try conducting another experi-
ment. You should be surprised if the retained variables are not less important
in the second experiment than in the first.

NOTES ADDED AFTER ATTENDING THE CONFERENCE

As presented and misinterpreted so frequently in this conference, Dr. Norton’s
criticism of “that comparatively meaningless and useless statistic,” the corre-
lation coefficient, was unduly mild!

Chemical determinations are not without error; in fact, I thought there was
evidence that some contained relatively greater error than 4°K counts. Re-
peated independent sampling may indicate the magnitude of the error, but
does not necessarily do so if a bias peculiar to each individual item in the
sample persists over the entire sampling period. If we wish to measure a vari-
able ¢, whose real variance is 07 we may use a chemical determination, X,
which involves some error such that X, = ¢ + e, with variance 6] + 07 . A
predictor variable X, = bt + e, with variance b? 07 + 02, may be more
closely associated with ¢ than is X, , but we fail to recognize it because we can
only observe X, and X,. Some clue may be obtained as to which of two pre-
dictor variables contains the greater error by examining their relationships with
other variables expected to be closely related to ¢.
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~ aa£PRencte  POTENTIAL
Vichian State Tnverl - USEFULNESS OF
BODY DENSITY AS

A PREDICTOR OF
BODY COMPOSITION

Discovery of the principle of density is credited to the Greek scientist
Archimedes in about 200 B.C. Presumably while he was taking a bath, he
pondered the problem of how to measure the purity of the Emperor’s crown
and observed that a body displaces a volume equal to its own. Although
Archimedes reportedly made his original observations on the human body,
subsequent applications were primarily on metallic substances until Robert-
son%3 attempted to estimate the density of 10 “middling-sized” men, who
“were bribed” to submerge themselves in a tank filled with water. Results
were unsatisfactory, so the author complained, with great scientific fervor,
that the men “were more interested in the bribe than in the experiment.”

RATIONALE FOR DENSITY

The Archimedean principle, as already stated, is based upon the fact that a
body displaces a volume equal to its own. Thus, substances can be compared
on a basis of their weight per unit of volume. Density is expressed in relation
to the density of a reference standard—usually water—at 20° C. In the case of
gases, however, the reference standard is generally air.
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The elements in the periodic table vary widely in density, with hydrogen
and uranium being the lowest- and highest-density naturally occurring ele-
ments, with values of 9 x 10°5 and 19.05 g/ml, respectively.*! Since hydrogen
is a gas and uranium is a solid, a more meaningful comparison is obtained by
comparing lithjum (the least dense solid), at a density of 0.534, with uranium.#!

To illustrate a further point, rather wide differences occur in the density of
adjacent elements in the periodic table. For example, lithium, at 0.534 g/ml

~ can be compared with beryllium (the next least dense solid), which has a
density of 1.816*! This can be contrasted to the values of 1.10 for lean and
0.90 for fat that are commonly given.5

The rationale for estimating fatness or leanness, or both, from density is
based upon the assumption that the body can be considered a two-component
system, with the components being of different but constant densities.33 If
this is the case and the densities of the components are known, the propor-
tions of the two components can be estimated from the density of the whole
body.5'33

With animals other than humans where empirical relationships can be
established quite easily, the two components do not have to be specified but
are usually considered to be the fatty tissues and the fat-free body. There is
considerable evidence that the fat-free body is fairly constant in composition
in mature animals.'7-31:46-49 However, the water content of the fat-free body
is not constant in young, growing animals, which indicates that density mea-
surements are not likely to be as accurate for predicting the composition of the
immature.2%48:50 Variation in the density-body-composition relationship
may also result from density variation within a tissue.!®

In work with humans, where empirical relationships cannot be established
so easily, relationships between density and body composition have been de-
rived by taking the densities of the two components being considered and
incorporating them in the theoretical equation of Keys and Brozek.33
Originally, the two constant density components considered were the fat and
the fat-free body. Behnke et al” introduced the concept of “lean body mass,”
which includes the essential body lipids in addition to the fat-free body. More
recently, Minnesota workers'233 have utilized a two-component system con-
sisting of a “reference body” (which contains 15.3% of fat) and “obesity tis-
sues.” The latter system has been complicated by the fact that “obesity tis-
sues” differ in composition depending upon whether the subject is gaining or
losing weight.!? PittsS7-5% has shown this concept to be further complicated
with the discovery that there is an increase in the nonfatty supporting tissues
as an animal increases in fatness.

The relative density of extracted fat at 37° C for seven species was found
to range from 0.9000 for man to 0.9212 for the internal fat from the lamb,
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according to Fidanza et aL'® The data summarized in Table 1 verify the
relatively small amount of variation in the density of fat. This is true not only
between species (Table 1) but also within the same species. Morales et al. 47
reported that the differences in density of the perirenal, intramuscular, and
subcutaneous fat samples of the guinea pig were not statistically significant.

TABLE 1 Density Values for Fat and Lean Tissues

Tissue and Species Reference Density
Fat, cattle Bieber et al ® 0.912
Fat, cattle Kraybill et al. 3° 0.891
Fat, guinea pig Morales ef gl 4 0.912
Fat, human Hodgman' 0.918
Fat, pig Kraybill et al, % 0.914
Fat-free body, man and guinea pig Morales et al. 47 1.100
Protein, lean beef Bieber et al. 8 1.312
Protein, theoretical Schmidt®® 1.250

The single body component other than fat that would be expected to in-
fluence density the most is bone. Values for bone density reported by Lange**
vary from 1.7 to 2.0, although the state of the bone (i.e., wet or dry) is not
given. These values are higher than a density of 1.43 for raw bone given by
Morales et al. 7 Even though variation in bone density might be expected to
be a major source of variation in estimating body composition from body
density, such does not appear to be the case,2*” presumably because bone
comprises a relatively small proportion of the body.

METHODS OF MEASURING DENSITY

Since density is the weight per unit of volume, the major problem in deter-
mining density resolves itself into measurement of volume. The volume
measurement can be accomplished by determining the volume of either the
gas or the water that is displaced. Although measurement of volume would
appear to be a simple procedure, such is not the case, especially in live ani-
mals. Even water displacement, which is the simplest method, has numerous
pitfalls, and air-displacement procedures for measuring volume are even more
complicated (see references 1, 7, 13-15, 18, 20, 23, 26, 28, 30, 32, 36, 38,
42,43,45, 51, 52, 55, 56, 69).

Measurement of the volume of water displaced is relatively simple for evis-
cerated carcasses or cuts of meat, where the major problem seems to be one
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of exercising care to prevent erroneous values due to the trapping of air. How-
ever, measurement of volume with the intact animal is complicated by the
sizable volume of air trapped in the respiratory passages and lungs. Failure to
correct for the volume of air in the lungs appeared to be the major reason that
the early studies of Robertson 3 and others as reviewed by Boyd!® were
doomed to failure. The first successful attempts to measure body volume of
intact animals by water displacement were achieved by Behnke et al.,” who
made corrections for lung volume. Nevertheless, correction for lung volume
is still one of the major difficulties in using the water-displacement procedure.
The air-displacement procedure of measuring volume has the advantage of
requiring no corrections for lung volume because there is a free exchange be-
tween the gaseous atmosphere surrounding the body and the air in the respi-
ratory tract. The advantages of this system are obvious, but measurement of
volume by this procedure requires a closed system because the gases displaced
are the constituents of the surrounding atmosphere. Measurement is therefore
difficult and involves corrections for temperature and humidity and for changes
in the concentration of gases as a result of respiratory exchange.23:28:43 A gas-
tight chamber of known volume is utilized. The person, animal, or object to
be measured can be enclosed in this type of chamber. The volume can then
be determined either by the dilution principle with an inert gas, such as helium,
or by pressure changes utilizing the basic formula:

ve = v'P',

The changes in gas pressure can be either positive,55:56 where a known amount
of gas is added, or negative,*355 where a vacuum is drawn and the change in
pressure is used to calculate volume.

WATER DISPLACEMENT

Following the early work of Robertson,®3 Spivak ° also attempted to deter-
mine the density of human subjects by underwater weighing, but similarly
failed to recognize the importance of correcting for lung volume. Boyd!°
reviewed the earlier work on density and obesity by concluding that obesity
should decrease density. The first successful attempts to measure body
volume by underwater weighing were achieved by Behnke® after correcting
for the pneumatic volume at the time of weighing. Later, Behnke et al.”
demonstrated that underwater weighing gave logical estimates for body com-
position on correcting for lung volume, which was achieved by weighing at
the completion of a maximal inspiration and at the end of maximal expira-
tion. Subsequent determination of residual air in the lungs was determined
by dilution and was utilized in correcting the body volume. In spite of the
elegant work of Behnke and others,>721:25:7% ynderwater weighing is not
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a simple technique and its use requires special training. Furthermore, the
method cannot be easily adapted to the infirm or the very young, and it is
not practical for use with intact living animals. Modifications of the method,
whereby the subject has been immersed until only the nose and upper portion
of the head are above water have been utilized.”®77 In this case, corrections
for the lung spaces and the unemerged portion of the head have been obtained
by helium dilution.

Application of underwater weighing to measurement of the density of evis-
cerated carcasses from both large and small animals has been used extensively
for estimating relative fatness. The classic study by Morales et al 47 provided
basic information that demonstrated the validity of the procedure and gave
rise to the fundamental equations for estimating fatness of the guinea pig and
man from specific-gravity values. Density obtained by underwater weighing
has been shown to be a useful technique for measuring the composition of
carcasses and cuts from farm animals (see references 3, 11, 16, 22, 30, 35,

54, 57, 60, 61, 70, 75) and has also been widely used for laboratory ani-
mals.!$:53:57-59.62 1y spite of its usefulness, underwater weighing cannot be
considered a panacea by those interested in composition. Although it can
provide useful information to the researcher, it cannot be readily applied
where body-composition information would be of the most value, that is, for
determining the composition of the very young and infirm or in selecting
farm animals for breeding purposes.

AIR DISPLACEMENT

According to Spivak,%? the first attempts to determine body density by air
displacement were made by Jaeger more than 80 years ago. He used the Kopp
volumeter, which was fairly accurate for inert objects, but gave poor results
with living subjects because of pressure changes resulting from gaseous ex-
change, vaporization of water, and increases in air temperatures. Pfaundler®*
constructed a chamber for measuring the density of cadavers from young
children, but obtained poor correlations between density values obtained by
underwater weighing. The poor relationship was probably due to his failure
to correct for air in the respiratory system of the cadavers on determining
density by underwater weighing, since the air-displacement technique appeared
to be repeatable on subsequent readings for the same cadaver. In order to ob-
tain good repeatability, it was necessary to allow the temperature of the ca-
davers to fall to that of the room before making the measurements. Pfaund-
ler’s procedure>® made use of negative pressures or vacuum.

Pfleiderer 56 added positive pressures by using compressed gas and reported
a mean error of only 1 to 2% in body volume. Kohlrausch3® used the air-
displacement technique to study the effects of exercise on the body density
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of dogs. He noted that one dog subjected to heavy muscular exercise declined
in weight from 10,805 to 9,060 g, while specific gravity increased from 1.054
to 1.074. Using the changes in density and weight, the author calculated that
fat content declined from 1,217 to 609 g, while active muscle mass calculated
from the basal metabolic rate increased from 1,676 to 1,750 g.

Bohnenkamp and Schmih® measured the volume of human subjects by
adding known amounts of oxygen. They attempted to minimize the effects
of variations caused by the humidity by completely saturating the air with
water vapor. Corrections were also made for temperature changes. Estimated
density values were 1.095 for men and 1.070 for women. Noyons and Jong-
bloedS? criticized the method of Bohnenkamp and Schmih® and modified
the procedure in calculating the body volume of cats; they weighed at differ-
ent pressures and used both positive and negative pressures. Measurement of
density in human subjects by Jongbloed and Noyons>? resulted in an average
of 1.080. Positive pressures were reported to be more comfortable than nega-
tive ones.56

A sine wave of changing volume was used by Wedgewood and Newman’
to correct for the gradual changes in volume associated with the increased
heat, vapor, and air exchange. Liuzzo et al.*3 obtained promising results on
estimating the density of guinea pigs by air displacement. More recently, Hix
et al.*" obtained good agreement between both body volumes and densities
determined by air displacement and helium dilution, but they failed to obtain
such promising estimates on a modified procedure for measuring the density
of live pigs.2® Falkner has also used the air-displacement method for esti-
mating the composition of babies.!®

Although the air-displacement procedure for measuring body volume is
based upon a simple, straightforward principle, its success has been rather
limited. Corrections for temperature and humidity are essential for accuracy.

3

HELIUM DILUTION

The helium-dilution procedure for measuring body volume was developed by
Walser and Stein,”? who applied it in determining the density of live cats and
compared results with underwater weighing of the eviscerated carcasses. In
the helium-dilution procedure, the animal is placed in a closed chamber of
known volume, and an exactly measured volume of helium gas is injected into
the chamber. After thorough mixing, a sample is removed and analyzed. The
gas is diluted in proportion to the amount of space in the chamber, which is
determined by the volume of the animal.

The most extensive series of studies on the helium-dilution procedure of
measuring body volume have been carried out by Siri.55-%® The greatest im-
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provements in his method were a more accurate procedure for measuring
helium and incorporation of corrections for relative humidity and tempera-
ture into his formula. Siri®® later estimated the magnitude of the errors that
could be tolerated in each detail of design to reduce the standard deviation
for measuring volume to £0.1 liter. Modifications of the helium-dilution
method have also been utilized by Foman et al. 2° for determining the volume
of infants, by Hix et al. 27 for men and women, and by Gnaedinger et al. 23
and Hix et al. 28 for live pigs. Results have been variable except for the study
on humans by Hix et al.,27 where correlations of 0.96 and 0.91 were obtained
for density values determined by helium dilution and air displacement for men
and women, respectively.

Gnaedinger et al.23 have pointed out some of the major problems in the
helium-dilution procedure. Using pigs weighing from 181 to 220 1b with a
range of 27.4 to 41.1% in fat content, they calculated that for each change of
0.001 unit in density there would be a change of 0.5% in fat content. To ob-
tain the density of a 95.49-kg pig accurately to the third decimal, assuming
there were no errors in weighing, would require that the volume be measured
to an accuracy of 0.1 liter or 1 part in 1,000. These authors pointed out the
problem of correcting for relative humidity and temperature, but stated that
the activity of the animals in the chamber was probably the greatest source of
error.

Although the helium-dilution procedure for determining density has not to
date proven accurate enough for precise estimations of density, the method
has some inherent advantages. By more precise control of the variables and
incorporation of corrections, it should be possible to measure volume with
enough accuracy to predict density within £0.001 unit.

EQUATIONS FOR ESTIMATING BODY COMPOSITION

A great many equations have been calculated for estimating body composition
from density. The data in Table 2 summarize the equations from a number of
studies and provide information on several species. As can be seen, there is a
wide divergence in the equations for predicting composition from specific
gravity or density, as the case may be. The divergence in the equations is true
not only between species but also within the same species. This suggests that
it is difficult to take the equation derived from one population and apply it to
any other population. On the other hand, the similarity between equations
indicates that comparative values derived from using a single equation may be
meaningful, except in cases of abnormally large weight changes or in abnormal
hydration.®
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SOME THEORETICAL ASPECTS OF
GAS-DISPLACEMENT TECHNIQUES

The involvement of a number of variables in estimating body volume by
gaseous displacement means that there is an infinite number of possible sys-
tems. An attempt is made below to classify some of the forms of the two-
chamber system, which is exemplified by the work of Liuzzo et al.,*3 and to
assess ways in which its effectiveness can be or has been improved.

Increased effectiveness may be considered to be an increase in the accuracy
with which the unknown volume can be measured, and it depends upon the
following factors:

1. The accuracy of measuring the variable upon which the subject’s volume
is dependent. Pressure will be the only such variable considered herein.

2. The change in pressure per unit change in subject volume.

3. The accuracy with which variables influencing the pressure-volume
relationship can be measured and utilized in corrections.

The accuracy of measuring pressure may be increased by improved instru-
mentation, but may also be influenced by the type of system. Although
modifications are possible, the systems basically are either a simple two-
chamber type or a single-chamber type.

Figure 1 shows a simplified diagram of the basic two-chamber system. In
addition, two forms of the basic equation are presented. Equation 1 enables
one to calculate subject volume from the equilibrium pressure and other
known values. Equation 2 enables one to estimate the equilibrium pressure
if the subject volume is known. This arrangement is considered both as a
simple system (utilized directly by Liuzzo et al ,** Gnaedinger et al.,2* and
Kodama and Pace37) and as a modification by the suppressed zero system
of Loh** and Hix et al. 28

In the simple system (Figure 2), the subject volume (V) is estimated
directly from the equilibrium pressure (P,) by using Equation 1. The main
disadvantage is that wide variations occur in P, if the subject volumes differ
widely. Such variations could be reduced considerably by adding known
volumes to the subject volume so that the total volume in the subject chamber
varies as little as possible. However, an absolute pressure of at least half an
atmosphere must be measured, and this is more difficult to accomplish than
measurement of low differential pressures varying to the same extent.

With the suppressed zero system (Figure 2), the equilibrium pressure is
estimated from a known reference volume (¥,) by using Equation 2. Then,
AP (alow differential pressure) is measured directly, P, is estimated by dif-
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71— VACIM  CHAMBER (1), INITIAL PRESSURE (k)

————SUBJECT  CHAMBER (v, |, INITIAU PRESSBRE IP,)

SORJECT IVg) R REFERENCE VOLIME (V)

B, = EOBILIBRIUM  PRESSANE
BASIC  EQUATIONS:

FIGURE 1 A diagram of the two-chamber system showing the symbols used and the
basic equations enabling calculation of subject volume (1) or equilibrium pressure (2).

ference (P,. - A P), and V, is estimated from P, by using Equation 1. By
judicious selection of V,, the difference in pressure (AP) can be kept small
so that a more accurate and sensitive pressure-measuring device may be used
than in the previous system. Loh** developed the concept of the suppressed
zero system, which can be readily adapted to either the air-displacement or
the helium-dilution method. Several variations are possible. For example,
the mirror-image systems may be connected by a U-tube manometer so that
P,. and P, can be produced and compared simultaneously; or a single system
may be used in which the two pressures may be produced at different times.
With the latter system, the pressure created (P,.) on using the reference
volume may be maintained on one side of the manometer, while the subject
is used to create P,.

The following generalizations may be made in regard to maximizing the
pressure change per unit change in subject volume:

1. The response improves as the volume of the subject increases in propor-
tion to the volume of the subject chamber.
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SIMPLE  SYSTEM.

O——T—®

CORRECTIONS  FOR
TEMPERATURE  EIC.

SUPPRESSED  1ERD SYSTEM

—®

CORRECTIONS FOR
TEMPERATURE ETC.

FIGURE 2 Flow disgrams showing the sequence of steps tsken in calculating the
subject volume by using a simple system and a suppressed zero system.

2. The response increases as the initial pressure in the vacuum chamber
decreases. This means that the greatest possible vacuum should be drawn on
the evacuation chamber. Low pressures also have an advantage in that they
can be accurately measured more easily with instruments such as the McLeod
gauge.

3. The response is affected by the relative volumes of the vacuum chamber
and the subject chamber volume minus the subject volume. The best response
is achieved when the two volumes are equal.3?

4. The response increases as the final equilibrium pressure decreases.

From a practical viewpoint, however, the conditions employed are limited by
the fact that the subject can withstand only a certain vacuum and can occupy
easily only a limited proportion of the subject chamber. By giving these limits
definite values and using the appropriate equation, optimum conditions can
be estimated for particular cases.

The third and final influence on over-all accuracy that is discussed is the
accuracy with which variables affecting the pressure-volume relationship can
be measured or corrected, or both. A number of workers have analyzed the
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importance of such variables.23:4%:65 Siri5 also assessed the relative impor-
tance of biological and technological errors in the estimation of body composi-
tion from body density. His conclusions, based on a number of assumptions,
included the claim that there is little to be gained from measuring density
to an accuracy of more than 0.005 g/ml, when it is the only measurement
being made. This gives an indication of the accuracy that is required. The
two main variables affecting the pressure-volume relationship appear to be
temperature and relative humidity. Liuzzo et al. *3 incorporated corrections
for temperature in their equation but concluded that errors in measurement
of temperature and relative humidity were the major sources of over-all error.
After correcting for temperature and relative humidity, Gnaedinger et al. 23
still found only low relationships between body fat and estimated body
density. They suggested that the movement of the animals in the chamber
and the lack of accuracy in measuring temperature and humidity were the
main sources of error. Hix et al.2® also considered relative-humidity measure-
ments to be a major source of error. Falkner!® and Kodama and Pace 37 used
extrapolation procedures to correct for changes in conditions that take place
after the two chambers have been opened to each other. Such extrapolation
procedures are commonly used with gas-dilution techniques as well. 6%

Although only a two-chamber system has been considered above, a single
chamber may also be used quite effectively, as indicated by Beeston.* The
basis of any gas-displacement technique is that the gas remaining in the sealed
subject chamber when it is occupied by the subject can be treated in certain
ways so that the effect of the treatment will depend directly on the volume
occupied by this gas, and indirectly on the subject volume. With the two-
chamber system, the treatments have generally involved opening the chamber
to a second chamber that differs in pressure or gas concentration from the
subject chamber. The measured effects are then the pressure change or the
gas-concentration change, respectively.

With a single-chamber system, the treatment may involve a change in the
volume of the chamber after it is sealed, as described by Beeston,? or it may
involve the addition of gas to the chamber, as outlined by Foman et a.2° In
the former case, the effect measured is the pressure change, whereas in the
latter, it may be the change in gas concentration or the change in pressure.

With the single-chamber system, Beeston* changed the volume of the
sealed chamber containing the subject by pumping water into it. He then
measured the difference in the volume of water required to reach a particular
pressure with and without the subject present. Using this approach, he has
reported a correlation of 0.97 between the specific gravity and total body fat
of 14 mature sheep ranging in live weight from 14 to 55 kg.
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Results such as these suggest that gas-displacement techniques are at least
potentially useful, but there has been no definitive work done that enables
identification of the most useful system. It seems, however, from the work
reviewed here that it is possible to devise systems and to correct for important
influencing factors such as temperature and relative humidity, so that the
errors associated with density measurements are small compared with errors
associated with the relationship between density and body composition.

SUMMARY

The rationale for estimating body composition from density has been reviewed
along with the major procedures for estimating density. Although there are a
great many pitfalls in measurement of density, it appears that one should be
able to measure density accurately enough to make a reasonable estimate of
composition. The relatively small differences in density between different
body tissues and the variation within a single tissue would appear to be the
limiting factors in accurately estimating composition from density.
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ety rca-Gore . EXPERIENCES IN
THE USE OF BODY
DENSITY AS AN
ESTIMATOR OF

BODY COMPOSITION
OF ANIMALS

Early experiments*! indicated a similar chemical composition for morpho-
logically similar animals. Other experiments in the nineteenth century ob-
served the reduction in water content (percentage) that accompanied the
fattening process in farm animals.!#36 The classic work of Lawes and
Gilbert 23:24 Jed Murray3! to conclude that the chemical composition be-
comes obvious once the fat content is known. Later, Murray32 and Moulton 3¢
confirmed the conclusion that the relative fatness of animals of the same spe-
cies does not influence the composition of the fat-free body. These workers
also found that the water content of the fat-free body decreased slightly with
age. Since this early work, considerable evidence has accumulated to support
the generalization that the percentages of water, protein, and ash are a re-
markably constant proportion of the fat-free body of animals of the same age
and species. Keys and Brozek!? critically reviewed the information available
in 1953,

From these generalizations it is apparent that one can consider that an
animal consists of two compartments: fat and a fat-free portion. Accordingly,
it is possible to derive an estimating equation based on body density if the den-
sity of fat and the fat-free portion is known. This is the approach used by
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Rathbun and Pace37 and Morales ez al.2° However, a statistical procedure
relating body density or specific gravity to one of the two compartments
(usually some measure of body fat) has been more common (see references
4-6,11, 19, 22, 35, 40). The statistical procedure eliminates the need for any
assumptions or knowledge regarding the density of fat or the fat-free material.
However, the relationships between the various body components still must be
known or estimated in order to resolve the gross body composition.

The purpose of this paper is to examine some of the relationships that have
been determined between body specific gravity or density and the chemically
determined components of the animal body. In the majority of cases, the re-
lationship will, in fact, be between carcass specific gravity or density and
either carcass composition or the composition of whole empty body. A very
high relationship between the composition of the carcass and the composition
of the empty body is to be expected because the carcass is a large portion of
the total empty body. Results with sheep, !! with swine,!? and with cattle
(reported later in this paper) indicate correlation coefficients on the order of
0.99 between percentage of carcass fat and percentage of empty-body fat.

SHEEP

The information in Table 1 and Figure 1 indicates some of the published
relationships between carcass specific gravity and percentage of fat in the
ovine. The correlation coefficients are all negative and statistically significant,
but range from -0.49 to -0.98.

The data indicate a standard error of estimate of around 3% and a coeffi-
cient of variation of about 10% in predicting carcass fat from carcass specific
gravity. By means of this estimate and a table of the minimum number of
replicates necessary to demonstrate significant treatment differences (10%
of the mean) at the 5% level of significance given in Paterson,3* it is evident
that about 9 replicates (animals) would be necessary to establish a significant
difference of 10% of the mean in percentage of carcass fat from two experi-
mental groups.

The experiments in which low correlation coefficients were obtained®2°
resulted in regression equations that are considerably different from the bulk
of the data (see Figure 1). Further analysis reveals that the mean specific
gravity of fat and the fat-free body calculated from the seven other regres-
sion equations is 0.912 £0.022 and 1.100 £0.010, respectively (the value
following the mean is the standard deviation). These values agree well with
the density of lamb fat given by Fidanza et al.® and the density of fat-free
tissue suggested by Behnke.3 Similar values calculated from the two most
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FIGURE 1 Linear estimates of the relationship between specific gravity and percent-
age of fat of the sheep carcass.

discordant regression lines average 0.75 as the specific gravity of fat and over
1.16 as the specific gravity of the fat-free body.

The theoretical regression line calculated by assuming the specific gravity
of sheep fat to be 0.912 and the specific gravity of the fat-free body to be
1.100 is: percentage of carcass fat = 585.10 - 531.91 (carcass specific
gravity). This regression line is shown in Figure 4 (page 181).

Meyer?7 used a multiple regression equation that included carcass weight
as well as carcass specific gravity to estimate percentage of carcass fat. The
multiple correlation coefficient was 0.96 with a standard error of estimate of
1.40. For this particular sample, the inclusion of carcass weight in the pre-
dicting equation reduced the coefficient of variation by almost 50%. How-
ever, this method does not always result in a significant reduction in the
standard error of estimate. The data from 35 sheep (last line, Table 1) and
the data of Spurlock and Bradford (reference 39; personal communication)
were analyzed by the procedure used by Meyer.2” There was no significant
improvement in the correlation coefficients and only a 10% decrease in the
standard error of estimate for these two samples.

In some experiments the energy per unit weight of carcass may be of more
interest than percentage of carcass fat. The data from 35 sheep (last group,
Table 1) indicate a correlation coefficient of -0.94 between carcass density
and kilocalories per gram of carcass. The standard error of estimate was 0.29.
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This results in a coefficient of variation of 7.6% and a reduction in the num-
ber of replicates necessary to demonstrate significant treatment differences of
10% of the mean to six. The multiple regression of carcass weight and carcass
density against kilocalories per gram of carcass increased the correlation to
0.95 and reduced the standard error of estimate to 0.27. It is of interest that
carcass weight by itself was correlated (0.79) with kilocalories per gram of
carcass with a coefficient of variation of 14%. Carcass density was responsible
in this study for reducing the coefficient of variation by 46% over the use of
carcass weight alone to predict the kilocalories per gram of carcass. For com-
parison, Paladines et al. 33 reported coefficients of variation of 12% and 14%
for two groups of sheep when total kilocalories of ingesta-free body was the
dependent variable and weight of the ingesta-free body was the independent
variable. Gardner et al. © report a correlation coefficient of 0.96 for a simi-
lar regression.

From these results it seems apparent that carcass density can be a useful
predictor of carcass composition in the ovine. It is also clear that some in-
vestigators have found rather weak relationships between carcass specific
gravity and percentage of carcass fat. One reason for this may be the range
in fat content of the sample group. Some other reasons for this variability,
as discussed by Meyer 27 revolve around the difficulty of removing the air
sometimes found trapped beneath the fascia of a sheep carcass, especially
carcasses from thin animals. Also, the temperature of the water and the
carcass can affect the numerical value of carcass specific gravity. 172! No
attempt has been made to correct all published data to an equivalent water
and carcass temperature. The temperature differences shown in Table 1 could
result in a slight shift in the regression line, but should not have a major influ-
ence on the correlation coefficient or the standard error of estimate.

CATTLE

Published information concerning the relationships between empty (ingesta-
free) body or carcass composition and the specific gravity or density of the
carcass or the empty body is limited. Kraybill et al. 22 determined the specific
gravity of the carcasses and the empty bodies (less the blood, hide, and lungs)
of 30 beef animals. The correlation coefficient between carcass specific
gravity and empty-body specific gravity was 0.989. Empty-body specific
gravity was correlated (-0.956) with percentage of physically separated fat.
The standard error of estimate was not given, but it appears to be on the order
of 2.0%. These relationships obtained by Kraybill et al. 22 and those of Reid
et al. 38 have been used extensively by workers in California to estimate body
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composition of beef cattle from carcass specific gravity.!1:25:28 Recent re-
ports by Zinn et al. *? and Albin et al. 2 indicate that the crude protein con-
tent of beef cattle estimated from carcass specific gravity by using the relation-
ships established by Kraybill ef al. 22 and Reid et al. 38 (as used by the Cali-
fornia group) are higher than those determined by laboratory analysis. (The
results of the study reported later in this paper support this observation.)

Guenther et al. '3 presented an equation to estimate fat content of a beef
carcass based on the specific gravity of the carcass and the specific gravity of
the fat and the lean body. A correlation coefficient of 0.928 was found be-
tween chemically determined fat and estimated fat by using the data from the
51 animals involved in determining the working equation. A correlation of
0.995 was obtained when the same equation was used to estimate the fat
content of 18 other beef carcasses.

Preliminary results are presented from a study involving the chemical
analysis of 48 beef steers approximately 15 £ 3 months of age. The relation-
ship of the density of the right half of the carcass to right-half-carcass compo-
sition (chemically determined) and empty-body composition was studied.
Table 2 shows the range in body composition of the animals. Some simple

TABLE 2 Range and Mean Composition of the Carcass and the Empty Body

of 48 Beef Steers
Carcass Empty Body” Correlation_
Component Range Mean? Range Mean?® Coefficient
Weight (kg) 146 - 322 216.5 + 41.6 228-463 325.1 * 57.0 0.99
Water (%) 44.4 - 63.0 523+ 45 46.7- 64.0 546 * 4.4 099
Fat (%) 15.1-38.8 279 + 6.0 146-357 251 % 57 099
Nitrogen (%) 2.11-298 254 + 0.24 2.25-3.01 2.69 * 0.19 0.96
Ash (%) 3.08-5.16 4.23 + 043 290-4.32 3.76 * 0.31 0.96

Density (g/cc) 1.033-1.074 1.056 * 0.011
Energy (kcal/g) 2.43-4.43 348 * 0.51 237-4.18 3.27 * 0.48 0.99

%Entire animal without the contents of the gastrointestinal tract.
bMean and standard deviation.
€Between the carcass and the empty body.

linear relationships between the chemically determined components of the
beef carcass and the empty body with carcass density are shown in Table 3.
All correlation coefficients between the major components of the carcass and
similar components of the empty body were either 0.99 or 0.98.

The information in Table 3 indicates reasonably good correlations between
chemically determined fat (ether extract) and carcass density. The correlation
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coefficient (0.96) between carcass density and percentage of empty-body fat
is almost identical with that (0.956) reported by Kraybill ez al 2 It is in-
teresting, however, that carcass density is more highly correlated with empty-
body parameters than with carcass parameters. No explanation is readily
apparent for this finding, but it is consistent for each item.

Figure 2 compares the several equations given by Kraybill et al 22 for
predicting whole-body fat from a specific-gravity measurement and the re-
gression equation given in Table 3.

A = GARRETY, TMIS REPORT. X IS CARCASS DENSITY
8 = KRAYBILL oral X IS WHOLE ANIMAL
SPECIFIC GRAVITY (STATISTICALLY DETERAMINED
RELATIONSHW)
C = KRAYBILL ot at X IS WHOLE ANIMAL
SPECIFIC GRAVITY (THEORETICAL RELATIONSHIP)
D = KRAYBILL otat X IS CARCASS SPECIFIC GRAVITY

g8
(2] ]

§

8

WHOLE BODY FAT (%)
~n
—

1%

CATTLE

10 A A A A A e A
100 100 102 103 104 105 106 107 108 109
SPECIFIC GRAVITY

FIGURE 2 Comparison of some regression equations to predict the fat content of
the beef animal.

Table 4 gives the results of a multiple regression analysis with carcass den-
sity and carcass weight as the independent variables. The addition of carcass
weight was of no value in improving the precision of predicting either fat or
energy content of the carcass or the empty body. Weight of carcass and the
empty body were significantly correlated (all at about 0.7) to percentage of
ether extract and kilocalories per gram of carcass or empty body, but the co-
efficients of variation were generally 50% higher than when carcass density
was the only predictor.

It is possible that some slight but significant improvements can be made in
predicting the various components of the body or the carcass from carcass
density by the use of more complex estimating equations. Information on
this point is unavailable at this writing.
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In general, comparable coefficients of variation resulting from the relation-
ships between carcass density and various parameters of carcass composition
were lower for cattle than for sheep.

SWINE

Several reports in the literature concern the relationship between carcass
specific gravity and the chemical composition of the swine carcass. Some
correlation coefficients of interest are shown in Table 5. Considerably more
literature reports the use of specific gravity to measure the fat content of
certain cuts or parts of the swine carcass. The comprehensive review by
Hornicke!$ is an excellent source of information regarding many aspects of
body composition in swine and other species.

The data in Table S indicate a similar trend in the correlation coefficients
between specific gravity or density and the fat content of the swine carcass to
those found with sheep and cattle.

The regression equations relating percentage of carcass fat to carcass specific
gravity are shown in Figure 3. Line F in Figure 3 was determined with live
hogs and was included for comparison but can be ignored in this discussion of
the relationship between carcass fat and carcass specific gravity. In general,
the regression equations are somewhat variable, similar to the situation with
lambs discussed earlier (page 171). If the most discordant regression line (line
C, Figure 3) is eliminated from consideration, a composite or theoretical line
based on the specific-gravity value for swine fat (0.943 + 0.014, mean and
standard deviation) and the fat-free body (1.106 * 0.010), as determined from
the other regression equations in Table 5, can be calculated. The composite
regression equation by this procedure is: percentage of carcass fat = 678.53
- 613.50 (carcass specific gravity). This line is shown in Figure 4.

Based on the data in Table 5, the standard error of estimate for predicting

percentage of carcass fat in the swine carcass from carcass specific gravity is
about 1.7%. With a mean fat content of 40%, the coefficient of variation is a

comparatively low 4.3%. Thus, to demonstrate a 10% difference between
means at the 5% level would require four replications.

DISCUSSION

On the basis of this review, a very high relationship is indicated between
carcass specific gravity and the carcass fat content of our three major meat
animal species. The standard errors of estimate attached to the regression
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FIGURE 3 Linear estimates of the relationship between carcass fat and carcass

specific gravity of swine.
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FIGURE 4 Comparison of regression equations to predict carcass fat from carcass
specific gravity in three species.
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equation are too high to be very precise in predicting the composition of an
individual animal. However, in experiments where replication is possible, the
use of specific gravity to demonstrate differences in body composition be-
tween groups of animals would be a valuable research tool.

Figure 4 shows a comparison of the “composite” regression equations be-
tween carcass specific gravity and percentage of carcass fat as determined in
the three species. The standard errors shown indicate a slight increase in the
precision of predicting carcass fat in swine compared with sheep and, to a
lesser extent, cattle. Whether the differences between species are of physio-
logical or technical origin cannot be determined with certainty from the data.
Probably both physiology and method play a role.

Specific gravity is easily determined on the commercially dressed carcass.
There is no monetary loss because the carcass remains intact and unharmed
by the water. The measurement can be made at a cooperating slaughter plant
using portable equipment just as easily as it can be done under laboratory
conditions. The information obtained is useful in many experimental situa-
tions and does lead to more precise measures of animal response to experi-
mental treatments, ! 1:25:27

That different investigators (or the same investigator at different times)
obtain slightly variable to markedly variable regression equations to predict
body composition from carcass specific gravity of the same species must be
recognized. Why this occurs is not apparent. It is unlikely that the major
cause is physiological (although the influence of age on the composition of
the fat-free body cannot be overlooked), but this has yet to be proved. Slight
differences in water temperature cannot account for all the variation. Variable
carcass temperatures, especially for fat carcasses, would have more influence
on the relationship because the modulus of expansion of fat is on the order of
7 times that of water (calculated from the data of Fidanza ef al® and infor-
mation in Hornicke'$). Trapped air could be a major source of variation, but
this could not account, for example, for the shift of line C, in Figure 3, which
is in the opposite direction.

The following procedure is recommended with a view toward standardizing
the density determination of animal carcasses:

1. Have the carcass deep tissue temperature at 3 to 5° C. In most coolers,
this will occur after chilling for 36 to 48 hours.
2. If the water temperature is very different from the carcass temperature,
make appropriate corrections in the calculated density.
weight in air
weight in air - weight in water

Carcass density = x density of the water.
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3. Be very careful that trapped air is removed or released. This seems to
be more of a problem in carcasses from which the hide has been pulled rather
than cut.

4. Make the underwater weighing as rapidly as possible.

SUMMARY

Most of the information available regarding the use of carcass density or spe-
cific gravity to estimate carcass or empty-body composition of cattle, sheep,
and swine indicates a moderate to high degree of usefulness, depending upon
the parameter estimated and the species. The variation associated with pre-
dicting body or carcass composition from specific gravity or density measure-
ments is too great to be very precise in determining the composition of a single
individual. However, the technique is useful to detect reasonable differences
(above 5% of the mean) in body composition between small groups of animals.
The results to date indicate that the precision of the technique may be greater
for swine and cattle than for sheep, but this cannot be considered a statement
of fact. There has been considerable unexplained variation in the results from

different investigators indicating a need, perhaps, for standardization of the
technique.
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DISCUSSION

The data and discerning analyses by Dr. Pearson and co-workers and by Dr.
Garrett stimulate the following comments pertaining to the relationship of
densitometry and body composition.

It is a simple procedure to determine by the Archimedean principle the
volume of the human body and the volumes of carcasses of animals. There
are few, if any, pitfalls in this straightforward technique. The difficulty is the
translation of values for density into estimates of body fat. It is unfortunate
that the scholarly criticism that has colored the literature in this field seems
to have inhibited wide application, at least in man, of a basic corporeal pa-
rameter in somolytic analysis. Except for the systematic investigations of
Grover Pitts and the limited, high quality analyses of Fidanza, Allen, and
Krzywicki, and of Widdowson, Forbes, and Mitchell on cadavers, there are
virtually no data relating tissue densities to chemical analysis.

METHODOLOGY

The progress from hydrostatic weighing to the helium-dilution technique as
developed for man by Siri has been noteworthy, and so have been the more
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difficult approaches to measuring the net volume of live animals. From the
papers presented, it is certain that gas dilution, displacement, and pressuriza-
tion techniques require scrupulous control of temperature and humidity.
These logical and inviting avenues have not yet led to the goal of certain relia-
bility in animal husbandry. A noteworthy advance by Beeston is the employ-
ment of water in a single chamber to reduce volume and subsequently, to
determine residual volume by the hydrostatic-induced elevation of pressure
on an adiabatic basis. The technique applied to anesthetized sheep appears
to be highly satisfactory.

INTERPRETATION OF DENSITOMETRIC DATA

The accurate estimate of body fat from a single number substituted in an
equation depends in large measure upon the degree of constancy of the density
of the dichotomous fractions, fat and lean tissue. Lipid extracted from adi-
pose tissue by solvents at specified temperature appears to be remarkably
constant both in composition and in density for man and animals not fed
unsaturated oils. The density of the lean mass is influenced by hydration and
the ratio of muscle to skeletal mass. In this symposium, the matter of varia-
tion in water content of the lean mass has been brought up repeatedly. A
clarifying distinction may be the difference between inbred strains of small
animals carefully regulated as to diet and its mineral content, and the larger
animal and man that have not been systematically controlled with respect to
these variables. In the immature animal, in different species, and certainly in
patients, there may be large differences in the percentage of body water re-
ferred to lean mass. It would be naive not to take into account factors that
earlier could not be incorporated into a single equation, namely, hydration of
the newborn, age and species, state of health, and environmental temperature.
An important contribution by Siri was his estimate of body fat in man from a
combined determination of total body water and of density.

It is instructive to calculate the error in fat estimates if the density of the
lean mass is altered either by increase in skeletal mass or hydration. If mean
d lean is taken as 1.100, and mean lean body weight (LBW) as 62 kg, skeletal
weight including marrow will be approximately 10 kg (16.1%). An increase of
bone weight to 12 kg (+ 20%) will raise d lean to 1.108. On the other hand, if
body hydration were increased by 4 liters (about 10%), d lean would be re-
duced to 1.093. If d fat is constant (0.90), then from Siri’s equation, percent-
age of fat = (495.0/d body) - 4.500, under conditions where d lean is 1.100.
If the density of an individual is 1.050, then from the equation percentage of
fat = 21.4; if d lean were 1.108 (increased skeletal mass), and the equation
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adjusted to accommodate this constant, then percentage of fat = 23.9; if d
lean were 1.093 (overhydration) and if the equation were altered, then per-
centage of fat = 19.1.

EQUATIONS

In the hyperbolic equation as initially formulated by Morales et al., F/W =
(a/d body) - b, one can derive by extrapolation toward each asymptote the
respective densities of the two basic components, fat and lean, from the con-
stants g and b. In the linear regression equations frequently formulated, the
values of the prime constants are *“concealed” and cannot be derived from
extrapolation to 0% fat on the one extreme and 100% fat on the other hypo-
thetical limit.

The equation of Keys and BroZek formulated in 1953 and widely used for
the calculation of human fat [F/W = (4.201/d body) - 3.813] yields, on ex-
trapolation, a value of 0.873 for d fat, which is far below the contribution
from their laboratory of 0.901, determined chemically for human fat. This
equation subsequently was corrected, and it is essentially Siri’s formulation
for the computation of fat from density alone. One may derive nearly identi-
cal percentages of fat by substitution of specific gravity (d + 0.005 or 0.006,
water at skin temperature, approximately 31 to 34° C) in the Rathbun-Pace
formula. Essentially, without benefit of formula, one may employ our first
approximation, namely, that 0.002 specific gravity (sg) units are equivalent to
1% of fat.

Nevertheless, one is overwhelmed by the number of equations cited in the
papers presented for the simple case of carcass fat from one species. One may
take five equations listed in Table 2, page 175, as an example of the calculation
of fat in the sheep’s carcass. In the range of fat between 20 and 40% of body
weight, the relationship to density is closely linear so that no significant error
is introduced by a shift from the hyperbolic to the linear regression expression.
The following percentages of fat were derived from each of the five equations
for densities of 1.060, 1.040, and 1.020:

DENSITY EQUATION

1 2 3 4 5
1.060 22.1 23.9 21.3 24.8 20.6
1.040 328 349 314 36.4 31.6
1.020 43.1 44.9 41.5 47.1 42.6
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ACCURACY OF ESTIMATE OF FAT FROM DENSITOMETRY

If, by inspection, one is able to judge the percentage of fat in the animal car-
cass (range 20 to 50%) with an error of perhaps no more than 5%, then the
range of variation by use of the different formulas approaches the 5% level.
What is not known, except for derivation from hyperbolic equation 1, are the
density values for extracted lipid and, more important, for the lean mass.
From equation 1, the extrapolations are: d fat, 0.905 and d lean, 1.106. Part
of the variation in the equations may be accounted for by temperature levels
and differences between water and the carcass. Encouraging are the standard
errors of estimate of 2.6 to 3.6% for the ovine, in Garrett’s Table 1 (page 172)
for carcass fat determined by hydrostatic weighing and by chemical analysis.

CONCLUDING REMARKS

The volume of the carcass can be measured with an accuracy of 1 part in 1,000
(£ 0.001) and the percentage of fat to + 0.5%, if d fat and d lean are constant.
To attain this degree of accuracy it is necessary to compile data for d far and
d lean in animals classified according to species, age, conditions of hydration
and diet, and temperatures of water and carcass at the time of underwater
weighing. In man, Siri has estimated that the error in percentage of fat calcu-
lated from density alone might be 4% for wide variations postulated for d far
and for d lean. If total body weight is measured, the error of estimate of fat is
reduced to 2%, but these estimates of error rest on a tenuous basis of only a
few determinations of d fat and d lean.

The present requirement calls for data on tissues, organs, and carcasses that
relate specific gravity or density to chemical analysis of components. In turn,
the chemical analyses require scrutiny since it may be mistakenly assumed that
such analysis is subject to less error in replication than the indirect determina-
tions. We have passed through the initial concept stage—the second period of
more precise definition and scholarly exposition of limitations—to present
quantitative analysis, which provides reliable statistical weighting of the vari-
ous somolytic parameters involved in densitometry.
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A. M. Pearson, Presiding  GENERAL
DISCUSSION

G. C. PITTS 1 would like to make just one comment with respect to the
anchor points of the regression line relating body density to body fat. I cer-
tainly agree with Captain Behnke that with no storage fat, the value of 1.100
is a good one. I would question whether the other anchor point of this regres-
sion line, 0.900, is a good one. Imagine a hypothetical individual who con-
tinues fat accretion ad infinitum. He is going to approach an asymptote that
is not the density of pure fat, but will be the density of adipose tissue, con-
taining about 80% of body fat, so that I would suspect that the value of 0.935
you quoted somewhat earlier might be close to the density of adipose tissue
with 80% of body fat.

A.M. PEARSON Comment, Dr. Behnke?

A. R. BEHNKE This was considered very, very carefully by the Minnesota
group, and it is true. As a consequence, we assume that the dry matter in
adipose tissue does not change the 1.100 value appreciably, in that the real
constant is the density of the lipid material.

A. M. PEARSON  There will be a comment by Dr. Lesser.

190
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G. LESSER 1 think Dr. Pitts himself may have provided a better answer for
that question than any of us can give. I think he demonstrated quite well with
his guinea pigs some years ago that what was laid down with changes in weight
was, at one level of body-fat content, almost pure lipid, and that after a certain
break point, perhaps at 25 to 30% of fat in guinea pigs, it appeared that new
lean tissue was laid down as well. If I remember, your curve of adipose tissue
showed that it was pure lipid being laid down. We do not have the amount of
data that you have, but we feel that much the same thing occurs in humans.
So, it may depend on what level of gain or loss or what level of body fat con-
tent one is talking about to be able to say whether that number (density)
should be 0.900 or 0.934, at least insofar as differences are concerned, be-
cause if one subject is 25 to 30% fat, and one is comparing it with a heavier
one, or if that individual gained fat, what is being laid down might well be
0.934. If one is talking about going from 10 to 15%, what is being laid down
may be 0.900, so that it may not be a total linear relationship in the way that
we lay down fat.

A. M. PEARSON One more question here.

M. F. BALL 1am not known to most of you. I am part of Dr. Kyle’s group
in Washington. I would like to speak to the point of Dr. Siri’s method of meas-
uring helium. As Dr. Novak can comment also, measurement of and apprecia-
tion of the effect of temperature, carbon dioxide, and water-vapor pressure
will significantly affect comparison and measurement of density by this tech-
nique. If you do not particularly take note of the effects of these three varia-
bles in your system it will not be comparable to underwater weighing, and you
will have a significantly spuriously low measurement of body density.

A. M. PEARSON Thank you for the comment.

H.J. KRYSWICKI 1 have a question for Dr. Garrett. Why do you animal
men insist on using water for measuring specific gravity of the carcass? We

reported in 1959 (Dr. Allen, Roberts, and I) on the use of such organic sol-
vents as kerosene and cellusol. There is no appreciable loss of fat, while the
carcass leaves a little tissue, from 0.5 to 1 g—even a smaller piece than that.

We worried about the leaching of the tissue of fat; but even then, none was
there when we evaporated the kerosene to dryness.

A. M. PEARSON Would someone like to comment on that?

W. N. GARRETT 1 think the answer is very simple. We are working on a
rather limited budget, and if we would try to sell the carcasses after being
dipped in kerosene, I think we would run into some consumer problems, not
to mention some problems with the USDA meat inspectors.
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S L Hasard  DILUTION
Louisiana State University
METHODS IN
BODY-COMPOSITION
STUDIES

The distinct advantage of being able to make periodic, rapid, and nondestruc-
tive quantitative measurements of yield in the growing or fattening animal is
generally appreciated. Practical and specific application of this type of infor-
mation in the various agriculture and medical disciplines is well recognized.

It is anticipated, therefore, that during the progress of this symposium the
relative merits and the status of the various methods currently being employed
for partitioning body composition will be discussed and re-evaluated.

The most productive and promising procedures for quantitating body com-
position indirectly have been based on the dilution principle. This technique
is not new, but it was recognized as a powerful tool for fundamental analyses
and volume estimations long before radioisotopes were in common use. Its
application in biological studies has been obvious where it is undesirable to
disturb the body system or when it is impossible to isolate quantitatively or
to measure unknown volumes directly.!2

With the added glamour and increased sensitivity from atomic energy
application, the “isotope-dilution” procedure has become widely accepted
for the study of body processes and has contributed much to our present
knowledge of body composition.!?!® The principle of the method and its
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simplicity are demonstrated in Figure 1. In short, the procedure consists of
uniform incorporation of a small quantity of the labeled test substance into
materials to be analyzed and sampling for analyses or isolating and measuring
the isotope content in a known volume.

ISOTOPE DILUTION

'/-——o 500 cts/min

X-VOLUME

SAMPLE
0.5 cts/min/cc

t in Al
VOLUME « c SIan DDED . 500 . 000 cc
cts/min/cc SOLUTION 0.5

FIGURE 1 Use of the isotope-dilution principle for volume messurements.

Various modifications of this procedure have been employed in tracer
studies for quantitating body compartments, for measuring the contribution
of two or more sources to a product,'? and for analytical methods involving
the “inverse” isotope-dilution procedure!5:1? or the “double” isotope-
dilution procedure.!

For dilution procedures in general, the experimental errors almost invari-
ably lead to high values. Some of the more important sources of error include
nonquantitative injection of test substance, accelerated metabolism or loss of
label from the system, and inadequate mixing and sampling for analyses.

Hevesy and Hofer!3 introduced and pioneered the isotope-dilution tech-
nique in 1934 by measuring and tracing the fate of heavy water in the human
body. However, its analytical value was not fully appreciated until Rittenburg
and Foster2! employed the method for separately measuring palmetic acid in
animal fat and demonstrated the use of ! 5N for the analysis of amino acids in
body protein. Ussing?3 further revived interest in the procedure with his
leucine-hemoglobin analyses and demonstrated its practical application to
chemistry and biology. Neither space nor time permits a chronological anno-
tation of the many reports in the literature dealing with this powerful proce-
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dure. However, periodic reviews have established relevant developments that
sustain our confidence in its adaptation for the solution of many of our prob-
lems relating to biological parameters. The first early critical discussion of
this method was reported in 1941 by Flagg and Wiig.” Siie?? made one of the
initial reports on the use of a radioisotope in the isotope-dilution procedure
with his isolation of 42K and the subsequent calculation of specific activity in
a mixture. In the same year, Moore!7 discussed total body water measure-
ments, using deuterium oxide, and total body solids, using radiosodium and
42K, Gest et al.? and Radin !° presented equations for isotope-dilution
analyses and have reviewed-and discussed the validity of these procedures.
Further reviews of the early developments and application of the isotope-
dilution methods and the criteria of purity have been discussed by Yankwich?¢
and by Berson.?

More recently, technique applications for separately measuring body fat,
water, and fat-free components of body composition have been presented and
evaluated in several symposia.>**5 The use of these procedures for animal re-
sponse measurements!! in terms of animal growth and the differential measure-
ment of body weight gains as pounds of fat, muscle, bone, and water for
body calorimetry®!9:2° and application for total body composition with
farm animals have been discussed. !!:18:20 For the most part, however, more
questions than answers have been presented, and the challenge for procedure
perfection continues as a major problem in discussions of body composition.

The fundamental reference point for all indirect methods of body partition,
of course, is provided by direct chemical analyses. This unique advantage and
opportunity for both direct and indirect measurement procedures for defining
structural as well as metabolic and physiological parameters in the same animal
provides a real challenge to the animal scientist for leadership in method per-
fection. Current biological assumptions, range in data variability, and specific
relationships to the whole animal, carcass, and empty-body analyses require
confirmation to strengthen the link between in vivo and in vitro measurements.

In order to advance our knowledge of gross body composition, it is neces-
sary that large numbers of normal animals be analyzed by the several indirect
methods concurrently, specifying environment, age, condition, sex, breed,
activity, conformation, and so on, and that these data be intercompared with
the reference analytical values obtained by chemical analyses. Total body
water or red-cell mass can be measured by many methods, all of which involve
the dilution procedure.'?'® Yet the range between laboratories indicates
much to be gained by method and animal standardization.

Although results from the dilution procedure have been shown to agree
favorably with composition data from other procedures, 141618 mych in-
formation is needed to support required biological assumptions, to account
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for ranges in variability, and to confirm specific relationships in whole-body
analyses.

Total body water calculations are based on the precept that water consti-
tutes a constant fraction of the animal body mass. Yet reported fat-free water
values for the various animal species range from 72 to 76% of the body weight.>
The fact that body hydration continues to change during growth requires that
consideration be given to more than one formula for estimating fat-free mass.
Relationships of thyroid status and basal metabolic rate to red-cell mass need
further clarification to establish method accuracy for predictions of lean body
mass. We need more information on that composition being deposited and
that being lost; we must determine the range of weight gains and weight re-
ductions in which the mobile tissue will retain a constant composition and
density; we need fat-composition values on tissues (cells and extracellular
fluids) that account for differences in body weight and the “quality” of
individual muscles. Although dilution procedures provide means for calcu-
lating total body fat, a suitable and sensitive direct method for measurements
in the intact animal is needed.

It will be further evidenced in the discussions of this symposium that the
dilution procedure is still a powerful tool in quantitating total body
composition, for broadening our understanding of the basic and applied prob-
lems, and for procuring the needed comparative data for standardizing *“bio-
logical constants” to strengthen our relationships between methods and
between in vivo and the more tedious in vitro procedures.

REFERENCES

1. Armstrong, W. D., J. A. Johnson, L. Singer, R. I. Lienke, and M. L. Premer.
1952. Rates of transcapillary movement of calcium and sodium and of calcium
exchange by the skeleton. Amer. J. Physiol. 171:641.

2. Berson, S. A. 1956. Some applications of isotope dilution techniques. Amer. J.
Roentgenol., Radium Ther. Nucl. Med. 75:1059.

3. BroZek,J. [ed.] 1963. Body composition. Ann. N. Y. Acad. Sci. 110:1-1018.

4. BroZek, J. [ed.] 1965. Human body composition. VII. Symposia of the society
for the study of human biology. Pergamon Press, New York.

5. BroZek, J., and A. Henschel [ed.] 1961. Techniques for measuring body compo-
sition. National Academy of Sciences-National Research Council, Washington, D.C.

6. Forbes, G. B. 1962. Methods for determining composition of the human body,
with a note on the effect of diet on body composition. Pediatrics 29:477.

7. Flagg, J. F., and E. O. Wiig. 1941. Tracer isotopes in analytical chemistry. Ind.
Eng. Chem., Anal. Ed. 13:341.

8. Garrett, W. N,, J. N. Meyer, and G. P. Lofgreen. 1959. The comparative energy
requirements of sheep and cattle for maintenance and gain. J. Anim. Sci. 18:528.

_ Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=20255

Body Composition in Animals and Man: Proceedings of a Symposium Held May 4, 5, and 6, 1967, at the University
http://www.nap.edu/catalog.php?record_id=20255

DILUTION METHODS IN BODY-COMPOSITION STUDIES 199

9. Gest, H., M. D. Kamen, and J. R. Reiner. 1947. The theory of isotope dilution.
Arch. Biochem. 12:273.

10. Gnaedinger, R. H., A. M. Pearson, E. P. Reineke, and V. M. Hix. 1963. Body com-
position of market weight pigs. J. Anim. Sci. 22:495.

11. Hansard, Sam L. 1956. Tracer methods in mineral nutrition research. US-AEC-
TID. 7512:31.

12. Hansard, S. L. 1963. Radiochemical procedures for estimating body composition
in animals. Ann. N. Y. Acad. Sci. 110:229.

13. Hevesy, G., and E. Hofer. 1934. Elimination of water from the human body.
Nature 134:879.

14, Kay, M., and A. S. Jones. 1962. The relationship between body density, body fat
and body water in living pigs. Anim. Prod. 4:296.

15. Keston, A. S., S. Underfriend, and R. K. Cannan. 1946. Micro-analysis of mixture
(AA) in the form of isotope derivatives. J. Amer. Chem. Soc. 68:1300.

16. Keys, A., and J. BroZek. 1953. Body fat in adult man. Physiol. Rev. 33:245.

17. Moore, F. D. 1946. Determination of total body water and solids with isotopes.
Science 104:157.

18. Pearson, A. M. 1965. Body composition. In A. Albanese [ed.] Newer methods of
nutritional biochemistry. Academic Press, New York.

19. Radin, N. S. 1947. Isotope techniques in biochemistry. Nucleonics 1(2):48.

20. Reid, J. T., G. H. Wellington, and H. D. Dunn. 1955. Some relationships among
the major chemical components of the bovine body and their application to nutri-
tional investigations. J. Dairy Sci. 38:1344,

21. Rittenburg, D., and G. Foster. 1940. A new procedure for quantitative analysis by
isotope dilution, with application to the determination of amino acids and fatty
acids. J. Biol. Chem. 133:737.

22. Sue, P. 1946. Quantitative analysis by the variation of the specific activity of an
added radioactive isotope. Nature 157:622.

23. Ussing, H. H. 1939. Analysis of protein by means of deuterium-containing amino-
acids. Nature 144:977.

24, Yankwich, P. 1949. Radioactive isotopes as tracers. Anal. Chem. 21:318.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=20255

Body Composition in Animals and Man: Proceedings of a Symposium Held May 4, 5, and 6, 1967, at the University
http://www.nap.edu/catalog.php?record_id=20255

5. A Preno ESTIMATION OF

The lan Clunies Ross

Animal Research Laborator).', BODY COMPOSIT|ON
Frospect At BY THE DILUTION OF
HYDROGEN ISOTOPES

The scientific knowledge used to calculate the quantities of fat and protein in
the bodies of living domestic animals has evolved from studies on carcass
composition. Some early studies were made by Lawes and Bilbert, 44:45

von Bezold,!%° Moulton et al.,65:¢%%7 and Moulton.%*

Body-composition studies in man, on the other hand, developed without
much analytical information on the composition of cadavers.!%%® Some in-
formation has been obtained from patients who were clinically abnormal at
death.'93 In spite of the small amount of this information, and relying often
on extrapolation of results obtained from monogastric experimental animals
to man (e.g., the analyses of dogs, monkeys, and rabbits for their water and
elemental constituents Na, K, Cl, P and N by Harrison et al 28), clinicians
have carried out a vast amount of research in the field of body composition
in the healthy and in the sick.

Although composition of the carcasses of animals has since been studied in
great detail (see reference 15, for example), these early observations provided
the basis for present work. Attention was drawn early to the fact that fat
animals contained proportionally small amounts of water.54%° The direct
relation between nitrogen and water observed in carcasses in 1923 by Moulton®*
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provided an early clue to the suggestion that water is associated with maintaining
the structure of proteins in tissues.*38

It is unnecessary to make more than a passing reference to Moulton’s con-
cept of “‘chemical maturity,” and it is sufficient to say that a large amount of
evidence supports the generalization that the percentages of water, protein,
and minerals approach constancy in the fat-free bodies of animals after
“chemical maturity.” Moulton®® showed that animals are “chemically ma-
ture” after approximately 4.0% of the life-span has been expended. For his
calculations, Mouiton used time from conception to *‘chemical maturity” and
an average figure for life-span derived from the most reliable sources then
available.

Generally, then, the hypothesis derived from early investigations is that the
animal body consists of two phases: the fat and the fat-free masses. The latter
phase contains water in a fixed proportion (73 to 74%), and the fat-free dry
matter is approximately 80% protein. If accurate measurements of water or
fat can be made in the live animal, it follows that the body composition can
be estimated with precision. Consequently, the measurement of body water
by markers and the measurement of fat by fat-soluble gasses or specific-gravity
techniques have constituted the major effort in the field for the last 20 years.

ESTIMATION AND CALCULATION OF DEUTERIUM OXIDE
AND TRITIATED WATER SPACES

Deuterium was discovered in 1931 and became available in appreciable quan-
tities for research in about 193422

By administering 50 to 100 ml of 99.5 to 99.8% D, 0 in a suitable volume
of carrier, an approximate concentration of 0.25 to 0.5 vol % deuterium oxide
is obtained. Administration can be oral or parenteral. Blood samples are
taken after the marker has come into equilibrium with the total body water.
Water is obtained from the biological samples by vacuum distillation and is
analyzed against standards for its content of marker by using either the falling
drop method, described by Chien and Gregersen,® or mass spectroscopy, de-
scribed by Solomon et al. ®* and Wentzel et al. 1°! The dilution of the marker
(the “space™) is calculated and is corrected to allow for exchange between
marker hydrogen ions and tissue hydrogen. The analytical errors when the
above methods are used appear to be low. A standard deviation of 0.0012
vol %, in serial determination at a concentration of 0.305 vol %, which corre-
sponded to £ 200 ml in total body water, was found for the falling drop
method.88:8% Wentzel et al. 1°! reported a standard deviation of 2% between
duplicates in their analyses with the mass spectrometer.
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Tritium was discovered in 1939,! and until the widespread use of liquid
scintillation counting, with the discoveries of Reynolds ez al 87 and Kallman
and Furst, 37 analysis necessitated the conversion of the tritium to a gas (e.g.,
butane or hydrogen) that could be introduced into an ionization chamber,
Geiger-Miiller tube, or proportional counter. During the last 10 years, it ap-
pears to have become the analytical method of choice because of the tremen-
dous growth of liquid scintillation counting. Briefly, 0.5 to 1.0mcina
suitable volume is given to an organism in the weight range of 20 to 100 kg.
Blood samples are taken after equilibration has been reached with the total
body water. Water obtained by vacuum distillation is counted against standards
in a toluene-ethanol mixture, containing scintillators, in a liquid scintillation
counter. The “space” for the marker is calculated and corrected for hydrogen
ion exchange. Three sources of error are involved in deriving the space: first,
errors can arise from incomplete administration of the dose; second, there can
be errors in pipetting while preparing the sample for counting; and third, there
is the counter error. Overall, the analytical errors are of the order of + 2% of
total body water.

Finally, no correction has been made above for the amount of marker lost
in the urine, sweat, and expired air from the animal between injection and
equilibration. In ruminants housed at an environmental temperature of about
70° F, the equilibrium specific activity (6 hr) is probably within 1% of the
value if mixing is instantaneous.®® Hence, correction is not necessary unless
spaces are calculated at unduly prolonged intervals.

BODY-COMPOSITION STUDIES WITH HYDROGEN
ISOTOPES IN MAN

DEUTERIUM OXIDE IN BODY-COMPOSITION INVESTIGATIONS

The initial impulse to measure the mammalian body’s water content with an
isotope arose in a curious way. This was recorded in 1934 by Hevesy and
Hofer:

Shortly after the first application of radioactive isotopes as indicators the late H. J. G.
Moseley and one of the present writers discussed the prospect opened by the introduction
of this method when indulging in a cup of tea at the Manchester Physics Laboratory. The
latter then expressed the wish that an indicator might be found that would allow one to
determine the fate of the individual water molecules contained in the cup of tea con-
sumed. Even a man of the vision of H. J. G. Moseley considered this hope to be a highly
Utopian one.32

However, these authors obtained some heavy water and carried out two
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experiments on themselves. They consumed the isotope and subsequently
measured its concentration in the urine. After allowing for the amount of
water lost by transpiration and evaporation (the weather was hot), they esti-
mated the time an average water molecule spends in the body and also calcu-
lated the deuterium oxide space. In further studies, they calculated the
deuterium oxide spaces in fishes and the exchange reactions between the
tissue hydrogen of fish and the heavy water in its environment. Almost
simultaneously with these reports, McDougall et al. 3 reported the absorption
of deuterium oxide from the gut of two rats and calculated the space by as-
suming the complete distribution of the marker 1 hr after its injection.

A large amount of work then followed; measurements of a number of
spaces thought to measure the total body water were made with a wide variety
of substances, including urea, thiourea, and sulphanilamide. This proliferation
of markers was probably due to the unavailability of heavy water and to lack
of analytical facilities to measure it. For a variety of reasons, all substances
investigated, apart from deuterium and tritiated water, have since been dis-
carded, and interest in them is now historical.

The references given below in relation to the measurement of total body
water with deuterium oxide and tritiated water (TOH) are not exhaustive, but
they suffice to support the discussion. It is apparent that the use of deuterium
oxide as a marker for body water was most popular between 1950 and 1958,
and it is interesting to note that the subsequent decline in its use coincided
with the rapid development of liquid scintillation techniques that so greatly
facilitated the counting of tritiated water.

Generally, the type of research work with D, 0 may be divided into five
categories. First, the isotope was used to determine its volume of distribution,
time taken to equilibrate with the various parts of body water, and turnover
time, 12-1416-18,21,23,27,33,36,49-52,59,80,89 gacond, its volume of distribu-
tion was compared with other spaces used to estimate the total body water
(e-g., antipyrine and D, O spaces'?*3548; urea and D, 0 spaces”). Third, early
attempts were made to extend the use of body water measurements in patho-
logical states, initially in states of edema 5:16:25,34,35,55,61,70 55 jeading
through a series of investigations to those being carried out at the Harvard
Medical School where the parameters are measured in a wide variety of dis-
eases.5%:2 Fourth, the isotope was used in energy balance experiments. 13:46:6!
Finally, a large amount of work was done on exchange between deuterium ions
and tissue hydrogen ions. This work began with Krogh and Ussing 42 and was
subsequently pursued by others, 12:33:93,99

The above-mentioned lines of research established that the time taken for
deuterium oxide to equilibrate with body water in healthy men was 1 hr,
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whereas in edematous patients it was 6 hr.”® Deuterium oxide spaces agreed
well with estimates of total body water that were determined by desiccation
of laboratory animals.5° Indirect estimates of changes in tissue energy storage
in health and disease could be made by using the total body water. 13:61
Measurements of body water turnover were made, and the exchange between
deuterium and tissue hydrogen in animals was estimated to be about 5%.

THE REPLACEMENT OF DEUTERIUM OXIDE BY TRITIATED WATER
TO ESTIMATE TOTAL BODY WATER

When first introduced,”” TOH had little advantage over D, 0 because both
isotopes were difficult to measure. In the case of tritiated water, the marker
was converted to a gas (e.g., hydrogen or butane) and was counted in an ap-
propriate instrument such as an electronic reed vibrometer. Thus, at first, the
pattern of research with tritiated water duplicated that of deuterium oxide.

Pace et al. 7! studied the distribution of tritiated water in two rabbits and
one human. They reported that the time taken for the isotope to reach equilib-
rium with body water was 1 hr for the man and 30 min for the rabbits; and they
showed that there was good agreement between tritiated water space and the
total body water of the rabbits as determined by desiccation. Thompson®5:%6
studied the distribution of tritiated water in body tissues of mice and rats.
Tritium oxide concentrations in tissue water were similar in 13 organs in the
rat.>® Thompson®’ quoted similar observations by Pinson and Anderson, and
by Myers et al, in man. Pinson and Langham®! studied the absorption of
TOH from the gut of normal men, and they also determined the volume of
distribution of the isotope. Tritiated water spaces in 20 healthy patients and
37 sick patients were compared with the antipyrine spaces, and the time re-
quired for TOH to equilibrate in these people was also investigated.’? Siri®?
measured tritiated water spaces in 100 healthy men.

The extent to which exchange occurs between the radioactive marker and
tissue hydrogen (2 to 5% of total body water) was established in a number of
species.20:71,73,79

It first became advantageous to use TOH instead of deuterium oxide when
liquid scintillation counting methods were developed to the stage where radio-
activity could be reliably assayed in small samples.”'“’91 This was a neces-
sary phase before the isotope could be widely used in body-composition
studies. 1143 Although the biological properties of the isotopes were similar,*”
technological improvements conferred advantages upon the use of tritiated
water for the investigation of body composition.
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MEASUREMENT OF OTHER ISOTOPE SPACES IN BODY-
COMPOSITION EXPERIMENTS IN HUMANS AND DEVELOPMENT OF
THE MODERN CONCEPT OF BODY COMPOSITION IN CLINICAL
MEDICINE

The main development at the stage when liquid scintillation counting became
readily available was the great increase in the availability of radioisotopes of
several elements (sodium, 2*Na; potassium, 42K, and so forth) as well as
isotope-labeled conventional markers (e.g., ! 3!I-inulin). A great deal of work
was undertaken in the investigation of exchangeable ionic spaces as well as
space measurements with isotope-labeled markers. To give but one example,
extracellular fluid volume was measured by using a large number of materials
(35S-thiocyanate, 13!I-inulin, 2Br, and 2#Na). The very multiplicity of
these spaces emphasized the difficulties in interpretation that beset investiga-
tors in this field. Total body water measurements passed through a similar
stage when several spaces (e.g., urea, thiourea, antipyrine, N-acetyl-4-amino-
antipyrine, 4-aminoantipyrine, or sulphanilamide) were being investigated and
compared.

The work of Moore et al. 62 illustrates the main emphasis of development
of body-composition investigations in clinical medicine during the period
1946-1960.

Our interest in this field began in 1941 after our first experiences with the challenge of
severe surgical illness and with the advent to our laboratories, through the cyclotrons at
Harvard and Massachusetts Institute of Technology, of radioactive sodium. With primi-
tive target material crudely washed off the hot metal of the external-beam target-plate at
a considerable retrospective hazard to the investigator, we measured the volume of body
water available for sodium solution. These measurements were carried out in patients
both well and those severely ill with burns and peritonitis . . . we returned to the work in
1944 and . . . conceived the measurement of total solids in solution by the same principle
of isotope dilution (Moore 1946) . . . In any evolving field of human biology . . . evolution
of method must temporarily yield to exploration of new areas using techniques that are
satisfactory even if not ideal. During the period 1946 to 1954 we were mainly concerned
with method(s). From 1954 to 1959 our emphasis was on the accumulation of biologic
material from the study of man. In 1959 and 1960 the low dose modification and tritium
were introduced. From 1960 to 1962 our primary emphasis has been on interpretation.52

It was obvious that these investigators were dissatisfied with imperfections
in their methods; for example, Moore et al (reference 62, pages 5-6) indicated
that their choice of the “early” (i.e., soon after injection) bromide space to
measure extracellular water (ECW) was “arbitrary.” Cizek !© drew attention
to the fact that many investigators ignored gut water in ECW measurements;
additional doubts in interpretation were raised by Bartley et al> Despite
these uncertainties, Moore et al. 2 have obtained clinically meaningful data
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by estimating cellular hydration from the difference between the hydrogen
isotope space and the bromide space. The “body cell mass,” proposed by
Moore %° and Moore et al. 42 as a more useful parameter in body-composition
studies than “lean body mass,” can be calculated from the exchangeable
potassium, given certain assumptions about tissue hydration; but its low-
energy-requiring supporting structure, “‘extracellular tissue,” is estimated by
the extracellular fluid volume. In other words, the ratio of the body cell mass
to its supporting tissue is best expressed by the ratio of intracellular to extra-
cellular fluid volumes. The success of body-composition studies in the sick
might yet prove to depend as much on deviations from normality in the dis-
eased as any advantages obtained by using multiple compositional parameters.
I am sure, however, that the last quotation shows clinicians to be aware of
this possibility.

How did this work benefit the practice of clinical medicine? First, it
allowed the calculation of total body water in health and disease. By using
the formula of Pace and Rathbun,?? fat could also be determined.!3-61+62
The fat-free weight of the body could then be calculated, and the importance
and limitations of this parameter have been discussed.56:57:60:62:68 gecond,
in conjunction with other measurements, these studies permitted estimates to
be made of the state of cellular and extracellular hydration in both the healthy
and the sick. As pointed out earlier, difficulties arise here because of varia-
bility in the estimation of ECW rather than in the hydrogen isotope space.

USE OF TRITIATED WATER FOR MEASURING THE
BODY COMPOSITION OF DOMESTIC ANIMALS

DIFFERENT AIMS OF CLINICAL RESEARCH AND ANIMAL SCIENCE

With few exceptions, investigators in nonmedical fields have used a different
approach to the study of body composition. The present limitations of
“extracellular water” measurement in ruminants ’® and the need to investigate
two other pools, namely, exchangeable sodium and potassium, have limited
the development of multiparameter research. However, the extension of such
investigations in adaptational studies with animals, to use but one example, is
most certainly overdue.”*

In body-composition studies in domestic animal experimentation, more
emphasis has been placed on determining the composition of small but bio-
logically significant changes in tissue energy storage. This has been investigated

in clinically healthy animals, mostly ruminants, and a single parameter has been
estimated in order to calculate energy loss or gain. The work has strong

practical implications, since increased animal production from healthy animals
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by improved selection and better nutrition forms a major part of animal re-
search in many countries. In Australia, for example, a large research effort is
devoted to the discovery of tropical and subtropical plants that will be assessed
in the final analysis on their ability to promote body growth in cattle. It is for
this reason that a technique for the indirect and precise measurement of the
tissue energy storage in animals has been a matter of some interest.

MEASUREMENT OF TISSUE ENERGY STORAGE IN DOMESTIC
ANIMALS BY DILUTION TECHNIQUES

Differences in the methods of approach to the problem of measuring tissue
energy storage by dilution techniques were evident from the earliest stages. In
reference to research in man, BroZek stated:

Cyclic fluctuations along the acceptance-rejection continuum are not unusual in the
history of scientific method. In the first stage the investigators . . . are apt to be enthusi-
astic. They are impressed by how good the first approximations are. In the second, the
critical stage, the fact that they were only first approximations is likely to be stressed.
The complexities of methodology, glossed over at first, are likely to be found over-
whelming. The quantitative assumptions are questioned and the size of standard errors
rather than typical values of biological “constants” are observed. It becomes clear, in
time, that definitions must be sharpened, ambiguities of terminology reduced or elimi-
nated, and quantitative assumptions replaced by factual data based on well-defined
samples.8

It is quite clear that in the domestic animal sciences the field of body
composition has experienced many of the vicissitudes outlined so well by
BroZek, and probably the second stage of development has been reached.

For example, the early enthusiasm engendered by the antipyrine experiments
of Kraybill and his colleagues3%-% has long since yielded to a more precisely
defined approach to the problems. One of the main difficulties that investi-
gators had to overcome was the volume of water in the rumen. The “empty
bodies’ of animals have been taken at different times as an eviscerated
preparation or one that excludes only the contents of the alimentary canal.
The “whole animal” sometimes refers to one of the above descriptions and
other times is interpreted literally. Sometimes, owing to incomplete descrip-
tion, it is impossible to determine the meaning of the terms at all. Further-
more, uncertainty has arisen from the part that intestinal contents play in the
relationships between total body water, fat, and protein, and in order to avoid
this uncertainty, the empty body has become the reference structure in rumi-
nants. Based on this, systems of analysis of animals have been suggested.
Reid®3 and Reid et al 8¢ showed how this problem could be attacked experi-
mentally. They supported the initial hypothesis with a small amount of good
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evidence from cattle and rabbits®485 but, in the light of more evidence, have

shown the problem to be complicated and the methods to resolve it impre-
cise.77:78,102

ESTIMATION OF BODY COMPOSITION IN DOMESTIC ANIMALS
8Y THE DILUTION OF TRITIATED WATER

Tritiated water spaces in ruminants were first derived by Shumway et al. °
and Till and Downes.?® Both groups of investigators observed that equilibrium
was reached throughout the body (including the rumen) approximately 6 hr
after injection. It is interesting to note that TOH takes as long to equilibrate
in the total body water in a ruminant as it does in an edematous human. Till
and Downes ?® estimated that the equilibrium specific activity was within 1%
of the value that would be obtained if there were instantaneous mixing of the
dose with the total body water.

At this stage,* two questions arose. First, could TOH space be used to de-
termine the body composition of ruminants and, if so, what were the errors
involved? In order to answer these questions partially, a brief description is
given of investigations in ruminants at our laboratory.”3.7°

To overcome, to some extent, the problem of fluid in the rumen, we de-
prived the animals of feed and water for 48 hr prior to injection. Methods of
injection and analysis of samples for their radioactivity have been described.”®
After samples had been taken for measuring the tritiated water spaces, the
animals were killed, and their bodies were analyzed for water, fat, protein,
and ash. The total body water was taken as the volume of water in the whole
animal, including that in the gut and its contents; the body fat, protein, and
ash excluded only those amounts in the gut, that is, in the partly digested
food and its liquid environment. The tritiated water spaces were calculated
by dividing the dose of tritiated water injected (stc) by the specific activity of
the serum water (uc/liter) and reduced by an amount equal to 3% of live
weight to correct for hydrogen ion exchange.

Regressions of total body water, body fat, and protein as percentages of live
weight on tritiated water as a percentage of live weight were calculated (Figure
1a and b), and we suggested two methods for calculating the body composi-
tion of living ruminants based on these data. In the first, total body water
and total body fat were calculated from the appropriate regressions. The fat-
free dry matter was calculated by subtracting the sum of the water and fat
from the live weight and was reduced by an amount equal to 1.5% of live

*Later work with TOH followed much the same pattern as outlined under deuterium

oxide: measurement of the space,2 comparison with antipyrine,26 and comparisons
of water turnover rate between species.
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FIGURE 1a The regressions of total body water and of percentage of body fat on TOH
spaces in sheep and goats. (Body water and fat were determined by direct analysis of the
bodies of animals.)

weight in order to correct for undigested dry residues found in the gut of our
experimental animals. The protein content of the resultant material was
taken as 77% for sheep and 78% for goats.”® Ash was obtained by difference.
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FIGURE 1b The regression of percentage of body protein on the TOH spaces in ewes
and wethers. (Protein was determined by direct analysis of the bodies of animals.)

Alternatively, total body water and protein could be calculated from the
tritiated water space. Ash was calculated by 0.2 x protein (kilograms). The
resultant fat mass, corrected for dry solids in the gut, was obtained by differ-
ence. What are the errors in the procedure, and are they too great for our
purposes? This is a most difficult question to answer. Blaxter and Rook®
examined an indirect calorimetric method and suggested that it should have
the same errors as energy balance studies from closed-circuit calorimeters
where nitrogen and carbon balance were determined. Feed intake is known
exactly in calorimetric measurements, but all other factors that apply to the
free-ranging animal eating a similar food at pasture (e.g., the energy costs of
muscular work and feeding and climatic effects) can only be derived indi-
rectly.2* The problem is not so much to demonstrate that the results given
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by dilution techniques agree with indirect calorimetric methods in fasted,
trained, and relatively immobile animals on known feed, but to derive methods
that can be applied to free-grazing animals. This of course will necessitate
methods to estimate the quantities of feed eaten. What then are the errors on
the compositional side of this exercise in fasted animals under laboratory con-
ditions? In our experiments,”3:7° the 95% confidence intervals for total body
water predicted in an individual from tritiated water space was about 5% of
live weight (LW) in goats and 2.7% in sheep. For groups, these intervals could
be divided by/n. It was difficult to place confidence intervals on fat or
protein (as a percentage of live weight) calculated from tritiated water spaces.
However, a method for doing this has been to calculate the standard deviation
(oy) of fat or protein (as a percentage of live weight) in the animals, together
with correlation coefficients (7) between tritiated water spaces and fat or pro-
tein. The 95% confidence intervals for fat and protein predicted from tritiated
water were then calculated by using 2 x standard error of estimate, that is,
+2(oy+/1-r?). For fat (percentage of live weight), the interval was 4.0
for goats and 2.6% of live weight for sheep (Figure 1a); for protein, the interval
was 1.5% of live weight for both ewes and wethers (Figure 1b). These intervals
need to be examined in larger samples.

Morris et al. %3 were able to calculate the tissue energy lost by sheep during
the 2 weeks after they had been shorn in a cold environment. They did this
by calculating the simplest body-composition parameter—body solids (body
weight minus tritiated water spaces)—and assumed a calorific value of 9 kcal/g
for the tissue lost. Calculations of changes in tissue energy storage in these
sheep, made by using the body weight and tritiated water spaces reported by
Morris et al., %3 and our scheme of analysis 7* gave results that agreed well
with those derived by Morris and his colleagues. Finally, by assuming feed
intake, these last authors estimated total energy used per day during the 13-
day period.

FUTURE WORK

Three principal areas of research await development in the field of body com-
position in live animals.

First, the multiparameter approach that has been used in clinical medicine
should be investigated in domestic animals. Indeed, such investigations may
yet be forced on researchers if current dilution and densitometric methods
used to calculate tissue energy storage prove inadequate. Second, laboratory
comparisons have to be made between estimates of tissue energy derived from
various methods of indirect calorimetry and those derived by using hydrogen
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isotopes. Third, the extension of hydrogen isotopes to determine energy
storage in free-grazing animals cannot be undertaken until the relations of
the hydrogen isotope space to energy storage have been examined under the
environmental and feed conditions of the experiment. In addition, methods
to estimate feed intake in grazing animals require more work.

Finally, I would like to return to the work of Moore and try to look into
the future as far as our own research is concerned. Moore° discussed the
syndrome of “stressed starvation” in sick men; he emphasized the enormous
erosion of body tissues in such situations and the changes in various body
parameters. Similar situations exist in domestic animals, and we are studying
these. We have studied nonpregnant sheep during undernutrition’® and have
shown that they survived until all measurable energy stores of fat were used,
provided the animal was not stressed. However, the superimposition of con-
ditions (e.g., cold) that create a sudden large demand for energy disturbs
homeostatic mechanisms, and some animals succumb (Panaretto, unpublished
data). Current work at our laboratories is concerned with the elucidation of
the breakdown of normal mechanisms under conditions of stress.
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H. Doomenbal  RELATIONSHIP

Canada Department of

Lacombe, Albe::agfié:::;: TO BODY
COMPOSITION OF
SUBCUTANEOUS
BACKFAT, BLOOD
VOLUME, AND TOTAL
RED-CELL MASS

Body-composition research has become of paramount interest because
knowledge of the gross composition of fat, lean, and bone in both man and
animals could have wide application in a variety of biological studies, including
metabolic, nutritional, and dietary studies; drug therapy; and certain endo-
crinological experiments.

Techniques used for measuring body composition, with emphasis on the
composition in man, have been reviewed by Bro¥ek and Henschel.? Results
of these techniques and procedures in determining body composition in man
and in farm animals have been compiled by Bro¥ek,! and certain techniques
used to determine composition in live hogs have been reviewed by Hornicke.®
The techniques used in live animal composition research may be divided into
two categories. One deals with measurements such as the ruler probe, lean-
meter, ultrasonics, x-ray, and body measurements, where in each case, infor-
mation on a specified part of the body is related to the body as a whole.

These measurements have been termed ‘‘spot’’ measurements in contrast to
those belonging to the second category, where attempts are made to determine
one or more physiological units from which others may be predicted quantita-
tively.
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The present report considers the spot measurement most widely used in
live animal evaluation, that is, the thickness of the subcutaneous fat or back
fat, and a physiological approach (blood volume and red-cell mass) as indi-
cators of the chemically determined gross body composition of the pig.

MATERIAL AND METHODS

Body composition refers to the composition of the entire animal after removal
of the blood, hair, toenails, and the contents of the digestive tract. The fol-
lowing parts were removed from the body and weighed individually: head,
feet, tail, kidneys, spleen, liver plus gallbladder, mesentery, and the internal
fat surrounding the kidneys. These items were combined, homogenized, and
analyzed for gross chemical composition.

Removal of these parts from the body left the warm dressed carcass, which
in turn was homogenized and analyzed for gross chemical composition. De-
tails on3 the procedures used in the chemical analysis have been published else-
where.

The first section of this paper deals with data obtained during a study of
the gross composition and the distribution of fat among external and internal
fat depots in 36 market-weight pigs. The thickness of subcutaneous fat was
measured on the live animal just prior to slaughter and again on the split,
chilled carcass. The subcutaneous fat layer plus skin was removed on the left
side along the lines shown in Figure 1. This side was then divided into the
major cuts, untrimmed ham and belly, and trimmed shoulder and loin, plus
the back fat trim (Figure 2).

Measurements of the thickness of the subcutaneous fat on the live animal
with the ruler probe represent the average of three paired measurements, left
and right, made by the method described by Rahnefeld.®

Measurements of the back-fat thickness on the split, chilled carcass repre-
sent the total of three measurements on each side, taken at the point of
maximum thickness on the shoulder and at the points of maximum and
minimum thickness on the loin. These three measurements were added for
each side, representing total back-fat thickness, right side and left side.

The second part of this paper presents data on the interrelationships among
total body protein, total blood volume, total red-cell mass, and body weight
obtained during a course of studies in growth, development, and gross body
composition in pigs ranging from 9 to 103 kg. Eleven weight groups of eight
pigs each (four castrated males and four females) at approximately 11-kg in-
tervals were used.
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FIGURE 1  Site at which subcutaneous fat is removed from the loin and the shoulder.

Blood volume was determined by a standard dilution technique whereby
a blood sample was labeled with radioactive chromium (° 'Cr) and injected
into the pig. Total red-cell volume was calculated from the total blood volume
and the hematocrit values, multiplied by 0.96 to correct for trapped plasma.

RESULTS AND DISCUSSION

SUBCUTANEOQUS, INTERNAL, AND TOTAL FAT

Thickness of the subcutaneous fat layer at various points is assumed by many
to be highly and positively correlated with whole-body or carcass fatness.
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FIGURE 2 The four major cuts and the subcutaneous fat removed from the loin and
shoulder.

It was shown in a previous publication® that the correlation between car-
cass back-fat measurements and total chemically determined fat in the carcass
of 50 females and 50 castrated males was low (0.78 and 0.50, respec-
tively), even with a built-in part-whole correlation, as external and internal
fat had not been separated. In the present study involving 36 market-weight
pigs, average values for the back-fat measurements taken on the live animal
and the carcass and the chemically determined fat content of the different fat
depots are reported in Table 1.

The first five pairs of correlations in Table 2 relate the subcutaneous back-
fat measurements on the live animal and on the carcass and the chemically
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TABLE 1 Average Values and Standard Deviations forBack-Fat Thickness
and Chemically Determined Fat of 36 Pigs”

Males Females

Item Mean SD Mean SD
Live weight (kg) 89.30 1.73 89.84 221
Warm carcass weight (kg) 63.50 1.98 64.15 2.23
Live animal probe

Total, right side (cm) 9.34 1.06 8.49 0.92

Total, left side (cm) 9.46 1.18 8.52 0.88
Carcass back-fat thickness

Total, right side (cm) 10.55 1.16 9.93 1.01

Total, left side (cm) 10.78 1.24 10.10 1.00
Chemical fat

In kidney fat (kg) 1.69 0.34 1.56 0.27

Total in right half (kg) 12.28 1.22 11.14 0.62

Total in left half (kg) 12.04 1.05 10.96 0.62
Weight of chemical fat

In trim of loin (kg) 3.17 0.42 2.78 0.35

In trimmed loin (kg) 1.16 0.27 1.02 0.25

In trim of left side (kg) 4.01 0.50 3.46 0.45

In trimmed left side (kg) 8.03 0.81 7.49 0.50

%19 males; 17 females.

determined fat content of the external and internal fat depots. Eight of these
correlation coefficients (five for males and three for females) attained signifi-
cance at P < 0.01. The highest correlations involve the external fat measure-
ments taken on the live animal with the corresponding measurements taken
on the chilled carcass (0.80 and 0.70 for males and females, respectively) and
total probe on the left side with the weight of chemical fat in the back-fat
trim of the left side (0.74 and 0.67 for males and females, respectively).

These results indicate that estimates of the thickness of the subcutaneous
fat layer on the live animal show reasonably good relationships with estimates
of back-fat thickness measured on the chilled carcass and that the live animal
probe is useful in predicting chemically determined fat in the subcutaneous fat
layer. The relationship between the live animal probe, average of right plus
left side, and the chemical fat in the body was moderate for the males (0.67)
but nonsignificant for the females (0.37), as illustrated in Figure 3.

The correlation of chemical fat in the subcutaneous fat layer with the total
fat in the left side was moderate for both males and females (0.67 and 0.61,
respectively) in spite of the built-in part-whole relationship between these two
variables. When the external fat was separated from the total fat, this relation-
ship was nonsignificant for both sexes, as shown in Table 2 and Figure 4.
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TABLE 2 Phenotypic Correlation between Live Animal Back-Fat
Measurements, Carcass Back-Fat Measurements, Chemical Back
Fat, Chemical Fat in Internal Fat Depots, and Total Fat in

Body of 36 Pigs?

Measurements Correlated Males Females
Probe, average right + left side (cm)-chemical fat in body (kg) 0.67 0.37
Probe, total right side (cm)-chemical fat in right side (kg) 0.68 0.18
Probe, total left side (cm)~chemical fat in trim left side (kg) 0.74 0.67
Probe, total right side (cm)-carcass back fat, total right side (cm) 0.80 0.76
Chemical fat in total trim left side (kg)-total chemical fat

in left side (kg) 0.67 0.61
Chemical fat in total trim left side (kg)-chemical fat in

trimmed left side (kg) 0.25 -0.14

Chemical fat in trim of loin (kg)-chemical fat in trimmed loin (kg) 0.19 -0.32
Chemical fat in total trim left side (kg)-chemical fat in

kidney fat (kg) 0.41 0.16
Probe, average right + left side (cm)~chemical fat in kidney

fat (kg) 0.15 0.09
SIGNIFICANCE LEVELS @P < 0.05 i@P <. 0.01

Males -r >0.44 r 20.56

Females -r >0.47 r >20.59

%49 males; 17 females.
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FIGURE 3 Relationship between live animal probe and the chemically determined
fat in the entire body.
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FIGURE 4 Relationship between the chemical fat in the subcutaneous fat layer over
the shoulder and loin and the chemical fat in the remainder of the left side.

A similar correlation existed between the live animal probe, average of right
and left side, and the chemically determined fat in the fat depot around the

kidneys. This relationship is shown in Figure S.
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FIGURE 5 Relationship between live animal probe and the chemical fat in the

kidney fat.

The results reported here clearly indicate that measurements of the subcu-
taneous fat layer on the live animal, or on the chilled carcass, and the weight
of the chemical fat in the subcutaneous fat layer are not related to the internal
fat depots, either the intermuscular plus intramuscular fat or the kidney fat.

Measurements of the thickness of the subcutaneous fat layer can be made
with high repeatability. Therefore, errors in predicting total body fat or total

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=20255

Body Composition in Animals and Man: Proceedings of a Symposium Held May 4, 5, and 6, 1967, at the University
http://www.nap.edu/catalog.php?record_id=20255

BACKFAT, BLOOD VOLUME, AND TOTAL RED-CELL MASS 225

carcass fat are unlikely to be associated with inaccuracies in these spot measure-
ments. However, it is unreasonable to expect that spot measurements can ac-
commodate variation in the thickness of the subcutaneous fat layer over the
entire body. In addition, total body fat and total carcass fat include internal
fat depots, which are not measured at all by these subcutaneous fat measure-
ments.

Presumably, these reservations would apply to all techniques for spot
measurements of the subcutaneous fat layer, including ultrasonic and radio-
graphic measurements. In fact, using cutout yield as an end point, Martin and
Fredeen? concluded that x-ray measurements of back-fat thickness in the live
animal were not superior to the simpler probe method.

The nonsignificance of the phenotypic correlation reported in the current
work between the subcutaneous fat depot and the internal fat depots explains
results reported elsewhere,* in which animals of the same sex and weight and
with the same amount of total chemical fat in the carcass differed in total
thickness of the subcutaneous fat layer on the chilled carcass by more than
1 inch; whereas pigs of the same sex and weight and with identical back-fat
thickness differed in total chemical fat by as much as 15 1b, which represented
10% of the average carcass weight. Similar variability was found among the
36 animals reported on here.

Because of the many physiological similarities between man and the
domestic pig, errors encountered in predicting body composition in the
human, when simple anthropometric measures are used, particularly skinfold
thickness, may well be due to the same limitations as those outlined for the

pig.

BLOOD VOLUME, RED-CELL MASS, AND BODY WEIGHT

It has been well established that the oxygen consumption of mammals depends
on the amount of metabolically active tissue in the body and is not necessarily
correlated with body weight, since adipose tissue requires little oxygen. One
can, therefore, expect a high correlation between the oxygen carriers (total
blood volume or red-cell mass, or both) and the oxygen consumer (lean body
mass). In this work, the protein mass has been taken to be the oxygen-con-
suming tissue and, because of the analytical procedure employed, consists of
everything remaining in the body after all body moisture, total fat, and all
minerals have been removed. It includes the protein in the cellular scaffolding
structure of adipose tissue. Average values for blood volume, red-cell mass,
body weight, and the gross composition of the body are reported in Table 3.
Support for the basic hypothesis appears to be provided by Figure 6. Blood
volume per unit of body mass (top) decreases as the live weight increases, be-
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TABLE 3 Average Blood Volume, Red-Cell Mass, and Gross Composition
of 88 Pigs Ranging from 9 to 103 kg of Live Weight

Group Total
Live Blood Red-Cell Totsl Body Totsl Body Totsl Body Body
Weight? Volume Mass Protsin Fat Ash Moisture
(kg) (cc) (cc) (kg) (kg) (kg) (kg)
10.5 669 262 1.46 1.21 0.31 6.06
22.4 1,363 509 3.07 3.55 0.62 12.32
34.2 2,102 803 4.68 6.30 0.95 17.79
45.5 2,616 1,000 6.18 9.60 1.24 22.56
52.7 2,947 1,211 7.13 12.73 1.42 25.67
65.3 3,571 1,565 8.66 17.33 1.68 30.63
69.1 3,907 1,740 9.10 19.17 1.75 32.08
76.9 4,154 1,853  10.03 22.78 1.95 34.74
83.6 4250 1,901  10.60 26.33 2.11 36.65
91.2 4,610 2222 1152 30.09 2.31 39.40
99.2 4,900 2,353 1219 35.86 2.43 40.82

“Avenge of eight pigs per weight group; four castrated males and four females.
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FIGURE 6 Relationships between live weight and blood volume per unit of live
weight (top), and live weight and blood volume per unit of body protein (bottom).

79 87 95 103

cause of the decrease in protein mass or the increase in body fat per unit of
body mass, as shown by the data of Table 3. On the other hand, with blood
volume expressed per unit of protein mass, this ratio is nearly constant over a
live-weight range of approximately 43 to 103 kg. The somewhat higher ratios
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for the very immature groups may be partially explained in terms of a higher
metabolic rate at this age. The same relationship with live weight existed be-
tween red-cell mass per unit of body weight and red-cell mass per unit of pro-
tein mass.

The close relationship between total protein in the body and total blood
volume is illustrated further in Figure 7. The correlation of 0.97 between
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5 9 .13 17 21 25 29 33 37 41 45 49 83
TOTAL BLOOD VOLUME (cc/100)

FIGURE 7 Relationship between total body protein and total blood volume.

these two variables compares favorably with correlations reported by other
workers employing other physiological measurements. However, an important
point to be considered in this connection is body weight. In many investiga-
tions dealing with body composition of man and domestic animals, subjects
that vary considerably in body weight have been used. Many of these studies
established highly significant correlations between certain parameters and body
composition. However, frequently the simplest measurement—body weight—
was ignored. Where data on body weight were supplied and relationships could
be calculated, invariably body weight itself was as good an index of body com-
position, or even better, than the parameters under investigation.

Similar results were obtained in our studies when the entire weight range of
9 to 103 kg was considered.

The data in Table 3 show that blood volume, red-cell mass, and body pro-
tein increase with an increase in body weight. The close associations of total
body protein (7= 0.99) and blood volume (r = 0.97) with live weight are
illustrated in Figures 8 and 9.

Over the entire weight range of 9 to 103 kg, multiple regression analysis of
the data, with total body protein in kilograms (Y) as the dependent variable,
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FIGURE 8 Relationship between total body protsin and body weight.
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FIGURE 9 Relationship between total blood volume and body weight.

and body weight in kilograms (X, ) and total blood volume in cubic centime-
ters (X,) as the two independent variables, explained for both sexes virtually
all the variance observed in total protein (R? x 100 = 98%). Body weight
accounted for almost all the varihince. Over such a wide weight range it can be
expected that any body measurement or physiological entity has a high relation-
ship with body weight simply because the main physiological event taking place
in a developing animal is an increase in the size, weight, and volume of all compo-
nents of the body. Expressing total body protein as a percentage lowered the
variation attributed to body weight to approximately 60% (r = 0.77) of the
variance in protein percentage.

In an attempt to restrict the effect of body weight further, the data were
subdivided, covering a weight range of 81 to 103 kg. The coefficient of deter-
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mination (R? x 100) for this restricted weight range was 58%, with 8% (P <
0.1 and > 0.05) explained by blood volume. The weight range involved is
still large (21.4 kg) and, as such, body weight is still of major importance in
explaining the variation in total body protein. However, it does establish that
the precision in predicting total protein in the body can be improved by the
use of blood volume determinations when the weight range is restricted. When
red-cell mass was substituted for blood volume as in independent variable in
the multiple regression analysis, the results were, for practical purposes,
identical to those obtained when blood volume was used.

Because one of the objectives in swine improvement is to differentiate
between leaner and fatter individuals at a similar body weight, high correla-
tions involving total body protein and body weight, computed from animals
varying considerably in body weight, are of little importance.

Accordingly, we are now conducting an experiment to evaluate the use of
blood volume or total red-cell mass, or both, for differentiating between ani-
mals over a narrow weight range with animals of 90 t 5 kg of live weight.
Preliminary results to date, based on a small number of the animals under
study, indicate that the relationships involving total body protein and the
physiological measurements in question are not high enough to be of satis-
factory predictive value. (This seemed assured by the antithesis to the previ-
ous paragraph.)

However, in these preliminary results it has been observed that total body
protein and blood volume or red-cell mass generally increase or decrease
simultaneously. Occasionally, however, total body protein will be lower
compared with other animals, while total blood volume or red-cell mass is
considerably higher. The reason for this variability may well be the differences
in degree of excitement among animals during the injection of labeled cells and
the subsequent drawing of blood samples.

The effects of exercise, excitement, age, and certain drugs on blood volume
and venous hematocrit have been well documented. The work by Turner and
Hodgetts®>5 with sheep is of particular interest. These workers found that in
a conscious sheep, in quiet surroundings, the spleen may contain up to one
seventh of the total blood volume and one fourth of the total red-cell volume.
In this connection it was pointed out® that techniques to determine red-cell
volume, such as 5! Cr-labeling, may be subject to error because a considerable
portion of the total red cells (on the order of 10%) was found to be withheld
from free “mixing’ in some animals. This was readily overcome by intravenous
administration of adrenalin.

Hodgetts® also illustrated the effect of fluctuations of the jugular hematocrit
upon blood volume and red-cell volume of a hypothetical “average” sheep under
four sets of conditions for which calculations had been made. The conditions
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involved were: moderate excitement of the untrained animal, placidity induced
by gentle restraining and soothing, anesthesia, and simulated excessive excite-
ment and splenic contraction induced by intravenous injection of adrenalin.
The values ranged from 25 to 40 for the jugular hematocrit, from 59.5 to

74.3 ml of blood/kg of body weight, and from 14.9 to 29.7 ml of red cells/kg
of body weight between anesthetized and adrenalin-injected animals.

On the basis of these results obtained with sheep, the relationship between
total body protein and blood volume or red-cell mass in pigs may become con-
siderably higher if the variability in degrees of excitement is removed by injec-
tion of epinephrine or by the use of a proper tranquilizer that would not affect
the spleen.
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Several investigators have suggested that body potassium may be used as an
estimator of body solids, cell mass, muscle mass, lean body mass, total body
fat, and in conjunction with body water measurements as an estimator of
muscle mass, adipose tissue, and muscle-free lean tissue. 1*41%23:25 Each of
these investigators has made crucial assumptions while formulating his model,
and for man it has been impossible to evaluate directly the validity of the
models that have been proposed. Our purpose is to review certain evidence
bearing on these assumptions, to examine the appropriateness of these models
in view of this evidence, and to discuss the use of body potassium measure-
ments in clinical medicine.

POTASSIUM AS AN ESTIMATOR
OF FAT CONTENT OF MAN

Since we cannot dissect and dissolve the humans we study and thus validate
our indirect techniques, we must make inferences about the validity of
specific techniques for man from validation studies of animals. One selects

231
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a method that has been shown to be valid for animals, assumes it is valid for
man, formulates specific predictions for man predicated on this assumption,
and designs some experiments to test these predictions. For the evaluation of
potassium as a predictor of body fat, we elected to use body water as an esti-
mator of fat-free tissue. Our review of the data suggested to us that body
water is a reliable estimator of fat-free tissue. Keys and Bro¥ek® stated that
their analysis of the data of Pace and Rathbun!? indicated that the water con-
tent of lean tissue was dependent on fatness. However, this conclusion was
based on erroneous calculations (J. BroZek, personal communication). Asa
matter of fact, it is not appropriate to calculate a simple summary statistic for
the data of Pace and Rathbun, as is readily evident from an examination of a
plot of their data (Figure 1). It is apparent that one cannot define an elliptical
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FIGURE 1 Computer printout of percentage of water x 10 (ordinate) versus per-
centage of fat x 10 (sbecissa) for male and female guines pigs. Data of Pace and
Rathbun.!4

field for these distributions. This is still the case if one separates the sexes
(Figures 2 and 3). Pitts,'® after reviewing his own observations and the data
reported from other laboratories, concluded that the water content of lean
tissue is not influenced by the fat content of the carcass. We agree with his
interpretation of the data. The variance of the water content of fat-free tissue
of different species is remarkably small, as illustrated in Figure 4. One may
infer from these data that the water content of fat-free tissue is a fundamental
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FIGURE 2 Computer printout of percentage of water x 10 (ordinate) versus per-
centage of fat x 10 (abecissa) for male guinea pigs. Data of Pace and Rathbun.14
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FIGURE 3 Computer printout of percentage of water x 10 (ordinate) versus per-
centage of fat x 10 (sbscissa) for female guines pigs. Data of Pace and Rathbun.!4
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FIGURE 4 Water content of fat-free tissue of different species. Compiled by Pace
and Rathbun.14

biological constant for any species. Crucial, of course, to this discussion are
data with respect to the composition of fat-free adipose tissue of man. A
limited number of analyses of adipose tissue (A. P. Remenchik, unpublished
data) have indicated that the water content of fat-free adipose tissue is approxi-
mately 70% (Figure 5), whereas the potassium content is approximately 25
mEq/kg (Figure 6). Thus, the water content of fat-free adipose tissue is
approximately that of other tissue, but the potassium content is very much
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FIGURE 5 Water and fat content of edipose tissue (A. P. Remenchik, unpublished
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FIGURE 6 Sodium, potassium, and chloride content of fat-free edipose tissue
(A. P. Remenchik, unpublished data).
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less than that of muscle and viscera.* We would predict from these data that
the specific gravity of fat-free adipose tissue is less than the specific gravity of
fat-free eviscerated carcass, and, indeed, Pitts has reported this is the case.!®
Therefore, we predicted that potassium estimates of fat calculated by the
method of Forbes et al.® would overestimate the fat content of man, and this
is indeed so, for

F = 4%k /68,

as illustrated in Figure 7 for the 8 by 4 crystal technique, and in Figure 8 for
the liquid scintillation counter technique. For each subject, fat content esti-
mated from potassium lies above the line, y = x. This overestimate is also the
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FIGURE 7 Computer printout of percentage of body fat x 10 calculated from
potassium measurements (ordinate) versus percentage of body fat x 10 calculated
from total body water measurements (abscissa). Potassium measured by 8 by 4
crystal technique (Argonns National Laboratory).

*After this paper was presented at the conference, Dr. Gilbert Forbes brought to our
attention some data he had reported in a footnote in an article of his.> He stated:
‘“‘Analysis of 12 samples of adipose tissue from exsanguinated rat, dog and rabbit re-
vealed 41-93% fat (average 80%); on a fat-free basis, water content was rather uniform
(81%); sodium, chloride and potassium concentrations were 122, 134 and 68 mEq/L
of water, respectively.” It is evident from these data that the potassium: water ratio of
fat-free adipose tissue is < 1 in contrast to a ratio > 1 for muscle and viscera.
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FIGURE 8 Computer printout of percentage of body fat x 10 csiculated from
potassium measurements (ordinate) versus percentage of body fat x 10 calculated
from total body water measurements (abscissa). Potassium measured by liquid scintil-
lation counter technique.

case for potassium determined by the other techniques. The diluting effect of
fat-free adipose tissue can be illustrated in another way. If we compute the
lean body mass content of potassium and plot this against percentage of body
fat, we observe a significant negative regression (Figure 9). The mean potassium
content of fat-free lean tissue obtained by extrapolation of the regression lines
calculated for each technique to 0% fat content is 2.55 g/kg (Table 1). This is
less than the mean of 2.68 g/kg obtained from analysis of cadavers (Table 2).!°
The discrepancy may be due to the fact that body water is overestimated by
tritium-dilution techniques. In a footnote in his article Pitts stated:

On human data from various sources, a significant coefficient of correlation between fat-
ness and FFBW has not been encountered. While this circumstance suggests that the
factors producing such a correlation in guinea pigs and steers are nonoperative in man,
many additional and uncontrolled variables in man may mask any correlation which
might otherwise be present. 16

We have confirmed his expectations for man by plotting amount of fat versus
lean body mass for men and for women (Figures 10 and 11). What can we
say about fat estimates from potassium? Their utility depends upon the ques-
tion. If we ask for an absolute estimate of fat, it is evident that we are proba-
bly unable to provide this estimate by potassium measurements.
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FIGURE 9 Computer printout of (grams of potassium per kilogram of lesn body
mass) x 100 (ordinate) versus (percentage of fat) x 10 from total body water measure-
ments (sbecissa). Potassium measurements by 8 by 4 crystal technique.

TABLE 1 Potassium Content of Lean Body Mass Calculated by Computing
Intercept of Regression Line for Plot of Individual I(8 /LBM Versus
Percentage of Fat (from total body water measurements)

Kg/Lgm @ 0% Fat
Technique of Messurement (9/kg)
42 2.49
Kp/0.91
4 (Purdue) 2.59
OKB
40KB (8 x 4 crystal) 2.50
40]( (log crystal) 2.61
B

Do we want to rank order the population with respect to fat content? The
data indicate that any estimate of potassium will do so, with a high degree of
precision. However, for this purpose we can do almost as well by some simple
techniques, as illustrated jn Figures 12 and 13, which are plots of fat content
versus body weight for females and for males, respectively.
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TABLE 2 Potassium Content of Man Obtained by Direct Analysis of

Cadavers
K, Fat-Free Basis
Reference Sex Age (g/kg)
Shoh1?2 - - 2.61
- - 2.66
Widdowson2% M 25 2.78
F 42 2.84
M 48 1.31
Forbes’ M 46 2.60
M 60 2.60
MALES
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FIGURE 10 Computer printout of percentage of body fat x 10 calculated from
total body water measurements versus lsan body mass calculated from total body
water measurements (males).

POTASSIUM AS AN ESTIMATOR OF FAT-FREE
TISSUE OR MUSCLE MASS

Can we use potassium as an estimator of fat-free tissue or muscle mass?

Pearson,!® in a recent review, cautiously concluded that “present methods
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FIGURE 11 Computer printout of percentage of body fat x 10 calculated from
total body water measurements versus lesn body mass calculated from total body
water measurements (females).

do not provide precise compositional values.” We agree and would like to
review why potassium cannot be a reliable estimator. Investigators proposing
these models have assumed that the concentration of potassium in muscle is
invariate and identical from muscle to muscle and from individual to individual.
They have assumed that the potassium content of other tissue is identical for
all individuals. Neither of these assumptions is reasonable.® The potassium
content of different muscles may differ by as much as 30%, as reported by
Lawrie and Pomeroy.® In addition, the potassium content of other tissue
may vary radically, as has been shown for the sheep erythrocyte. '3 The large
variance of potassium for muscle from clinically healthy subjects is illustrated
in Figure 14, which summarizes data accumulated by several laboratories 19,2427
(Remenchik, unpublished data). Relating potassium to intracellular water does
not improve the situation (Figure 15). What is the situation if one analyzes
muscle from patients who are ill? It is evident that the variance is large when
one examines potassium expressed as potassium per kg of fat-free muscle
(Figure 16), or potassium per liter of intracellular water (Figure 17).

This conclusion can also be deduced from an examination of the potassium
content of fat-free tissue of patients selected for study when we assumed that
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FIGURE 12 Computer printout of body fat in kilograms x 10 (ordinate) versus
body waight in kilograms (abscissa) (females).
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FIGURE 13 Computer printout of body fat in kilograms x 10 (ordinate) versus
body weight in kilograms (abscissa) (males).
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FIGURE 14 Potassium content (milliequivaients/kilogram) of fat-free muscle?» 10:24,27
(A. P. Remenchik, unpublished data).

the potassium content of lean tissue was invariate. The large variance is evident
in Figure 18. Finally, we would like to state that the exchangeable fraction we
reported previously !? is the same as that reported for clinically healthy sub-
jects by Miller et al. (this volume, page 350), thus confirming our view that
Moore’s contention!! that potassium is 100% exchangeable is wrong. We
conclude that the cell-mass model of Moore et al. !2 and the three-component
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FIGURE 15 Potassium content (milliequivalents/liter of intracellular water) of
muscle®1%24:27 (o p. Remenchik, unpublished data).

model of Anderson! are not appropriate models for body-composition work.
It should be evident from this analysis why Anderson could not explain potas-
sium: water ratios.!
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FIGURE 16 Potassium content (milliequivalents/kilogram) of fat-free muscle from
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FIGURE 17 Potassium content (milliequivalents/liter of intracellular water) of
muscle from patients with different diseases (A. P. Remenchik, unpublished data).
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FIGURE 18 Potassium content (grams/kilogram) of lesn body mass (ordinate) versus
lean body mass (abscissa). Data of patients hospitalized for dissases that presumably
did not affect potassium metabolism.!?

CLINICAL APPLICATIONS OF
POTASSIUM MEASUREMENTS

Does this mean that potassium measurements are useless? No, it does not. If
one knows one is studying a clinically healthy population and that the experi-
mental procedure is not going to affect the potassium concentration of fat-free
tissue, then it is easy to show that the potassium content of lean tissue is sta-
ble and reproducible. Figure 19 illustrates data derived from a study of an
ambulatory population.?! Replicate measurements are illustrated by the
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FIGURE 19 Potassium content (milliequivalents/kilogram) of lean body mass (ordi-
nate) versus body weight of embulatory schizophrenic subjects.

solid circles, squares, and triangles. Note that the potassium content of fat-
free tissue did not change much, despite a change in weight, and this is because
predominantly fat-free tissue was added. As we mentioned earlier, changes in
the body content of potassium do reflect changes in the potassium content of
muscle. Potassium-depleting diuretics were administered to a subject with
hypertension. Body potassium measurements were made, and a muscle biopsy
was done before these medications were administered and after the subject
had ingested the diuretics for 4 weeks. The data are illustrated in Figure 20,
and it is evident the subject’s body potassium was significantly reduced. The
changes in 42K reflected changes in muscle content of potassium and not of
muscle mass or cell mass. 2°

Another illustration of the clinical usefulness of body potassium measure-
ments in conjunction with other dilution techniques is apparent in Figure 21.
It illustrates changes in body composition of a patient with acute poliomyelitis.
The metabolism of potassium in this boy was similar to the metabolism of
women with this disease, and different from that of men.!? Clinically, his
course resembled the clinical course of women. One can use the technique to
study the effect of pharmacological agents on the potassium content of man.
Figure 22 illustrates some measurements of a group of hypertensive subjects
ingesting a diuretic.!® The agent depleted them of potassium.
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FIGURE 20 Changes in body content of potassium and muscie content of potassium
sfter edministration of diuretics.

We wanted to make some comments here with respect to relationships be-
tween anthropometric data we have accumulated, and potassium and fat, but
the limited time precludes further discussion. We remember a presentation at
another conference during which the speaker stated that if you have more salt
water you have more salt and more water,? and so Figures 23 and 24 illustrate
the fact that if you have more fat, then you are fatter, irrespective of sex.
Needless to say, this observation is independent of the technique used to esti-
mate fat content.

This investigation was supported in part by Public Health Service Research
Grant RH 00283, Division of Radiological Health, General Research Support
Grant 1S01-FR-5368, and by the American Medical Association Education
and Research Foundation grant-in-aid for research project AMA-ERF 149, the
United States Atomic Energy Commission, and the Department of Bionucleon-
ics, Purdue University.
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course of poliomyelitis. The meesurements were made 7, 16, 28, and 37 days, re-
spectively, after the onset of the dissase.
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FIGURE 22 Potassium content of lesn body mass of subjects to whom potassium-
depleting diuretics were edministered.
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FIGURE 23 Computer printout of percentage of fat x 10 (ordinate) versus kilo-
grams of fat x 10 (abscissa). Data caiculated from total body water measurements
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FIGURE 24 Computer printout of percentage of fat x 10 (ordinate) versus kilo-
grams of fat x 10 (abecissa). Data calculated from total body water measurements
(females).
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S. L. Hansard, Presiding.  GENERAL
DISCUSSION

S. L. HANSARD  The papers in this session will be discussed by Dr. G. P.
Lynch, and following his comments, we will have an open discussion.

G. P.LYNCH 1 prepared some general remarks concerning dilution methods,
but since we are approaching the hour of lowered blood-glucose levels, I think
I had better restrict myself to one or two comments and then open the discus-
sion to the audience.

I fully agree with Dr. Panaretto that perhaps the tritium-dilution method
predicts body water as accurately as any we have today. This is particularly
true when we think of applying these methods to farm animals. One thing
that he did omit, however, is the relatively short biological half-life of this
isotope. I think when people think of using the tritium-dilution technique,
they automatically think of the 12}-year half-life of the isotope and immedi-
ately forget that biologically this isotope has a half-life of 4 or 5 days for
sheep and cattle and about 10 days for humans. Is Dr. Panaretto here? Did
you do any studies on this question with your sheep and goats?

B. A. PANARETTO No, but Till and Downs did. I omitted turnover rates
specifically for one reason. Although this is the subject of the school of re-
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search in Australia, headed by Professor McFarlane (who is trying to show
that the turnover rate is somehow associated with the productivity of the
animal), I feel that turnover rates using tritiated water in animals have been
used very unwisely. There is a school that says, “Ah, there’s a desert rat; he
lives in the desert; therefore, he turns over his water very, very slowly. Now
let’s prove this.” So they get a desert rat and he is given nothing to drink, and
they compare him with guinea pigs, which have as much water to drink as they
like. Of course, they are different, because if the desert rat turned over his
water quickly he would die. So I purposely omitted turnover rate, but I feel
if you are going to start talking about turnover rates of tritiated water and
water in the body, then you must be fairly careful about food conditions,
environmental temperatures, and a thousand and one other things. These
people who are trying to do other things with turnover rates, I feel, ought to
be fairly cautious.

G.P. LYNCH The point that I was trying to make is: isn’t this really an
advantage of this particular method, rather than a disadvantage?

B. A. PANARETTO Yes.

G. P. LYNCH Then in looking at the half-life of the isotope, let us consider
the biological half-life.

B. A. PANARETTO Yes, it is gone in a few days. In fact, if you take a
preinjection blood sample, you can use tritium at 24-hour intervals.

G. P. LYNCH Another point I would like to mention is one that Dr.
Doornenbal touched on rather briefly. This concerned the splenic and thyroid
relationships to the red-blood-cell volume. In this, he proposed that he would
use tranquilized hogs in his future experiments. I had some experience in this
line in my project of drowning hogs a few years ago, and I feel that it is virtu-
ally impossible to put a hog into a tranquil or docile state. I believe if you
combined a tranquilizer with anesthesia, you would approach this condition a
little more closely than any other way, but it is still quite a formidable task.
Many of you are going to have questions on Dr. Remenchik’s work. The
problem of potassium content of muscles is well known, has been well de-
scribed, and is particularly important as far as muscle biopsy is concerned, but
does it affect the dilution or whole-body counting methods? The red-blood-
cell potassium content of sheep represents a problem when you are using dilu-
tion techniques, particularly, I think this could be accounted for prior to the
beginning of the experiment, however, by accurately analyzing for this ele-
ment. The biggest thing that I got out of Dr. Remenchik’s talk was the point,
also emphasized by Dr. Behnke, that we need to approach more nearly con-
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trolled conditions for our subjects. This is being emphasized more and more
as the conference progresses.

Another aspect of the conference that seems to be coming to light is that
one of the approaches we should be looking at a little more thoroughly is the
marriage of one method of analysis to that of the other, so that we can predict
several body components. I mention it again for re-emphasis.

S. L. HANSARD The papers presented in the session on dilution methods
are now open to audience discussion.

M. A. FLYNN I have been impressed with the fact that two investigators
castrated their males before they compared them with females. Now in human
studies, we do not have this privilege. We are perfectly happy to accept humans
intact.

S. L. HANSARD s there another question or comment?

N. PIERSON  The red-cell volume is a very respectable measurement with a
very small standard deviation. (This is directed to Dr. Doornenbal.)' The total
blood volume, though, is a very unrespectable measurement when you esti-
mate it from the red-cell mass and not by measuring the plasma volume sepa-
rately. While those lines look quite nice, why not take the red-cell mass that
you are taking the trouble to measure (a lot more trouble, incidentally, than
measuring the plasma volume)? Why not make your correlations between
red-cell mass and protein in weight, rather than the total blood volume, which
is a derivative, and since the venous hematocrit varies so much from one place
in the body to another, and an unrespectable derivative?

H. DOORNENBAL They were identical. I could just as well have taken the
red-cell mass. These were, in this particular instance, identical correlation re-
lationships. There is no difference, and probably I should have taken the red-
cell mass in plotting our graphs, but it would not make any difference. I may
just make a comment on the whole hypothesis. Muldowney has indirectly
proved this to be quite a correct estimate of lean body mass in man. I still

feel that his hypothesis is probably right. It is just the application to individual
animals and refinement of the technique, which is a problem when working
with pigs. They are difficult animals to handle, and we need standardization,
but I do not know how we would do it. Some form of standardization for just
a half-hour period is all that is required. We all know it is difficult, but stan-
dardization may show a different light of the application of this technique to
composition studies.

S. L. HANSARD 1 have one question. Did you plot this as a percentage of
body weight or total nitrogen versus total body mass?
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H. DOORNENBAL No, it was plotted as totals; total blood volume or red-
cell mass with total protein as weight.

G. M. WARD I have a comment and a question. Not having worked previ-
ously with pigs, we stumbled on a good means of tranquilizing them, which
Dr. Johnson may mention this afternoon. When they are flopped bottom
side up, they are very quiet and cooperative.

I have a question for Dr. Remenchik. He hastily went over graphs showing
potassium on an intercellular water basis, and I was wondering how the inter-
cellular water was calculated.

A. P. REMENCHIK That was a self-laid space with samples being taken
every hour for 5 hours and then extrapolated back to *“0” time, and repetitive
measurements of subjects give standard deviations of 4 or 5%. They were not
single shots, which I think are useless. Anybody who does single-shot spaces
is wasting our time.

B. A. PANARETTO May I ask a question? How do you measure inter-
cellular volumes?

A. P. REMENCHIK You are absolutely right. I should be saying inter-
cellular space. We should use pragmatic definitions or methodological
definitions.

B. A. PANARETTO Have you looked at the concentration of the marker
in the gut at the same time that the extracellular marker was determined?

A. P. REMENCHIK What do you mean by look?

B. A. PANARETTO Have you done any analyses?

A. P. REMENCHIK Do you mean in humans?

B. A. PANARETTO There are stomach tubes, aren’t there?
A. P. REMENCHIK Yes.

B. A. PANARETTO Well, have you done the analysis?

A. P. REMENCHIK No.

B. A. PANARETTO That answers my question.

A. R. BEHNKE In work using radiation as a tool, with certain species,
particularly the dog, the Radiological Defense Laboratory found it necessary
to tie off the spleen. The spleen has a large reservoir of cells (I do not know
about other species), but this would be a source of large error. If the animal
is excited, adrenalin would squeeze out these cells, and one might do these
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other things under conditions that excite adrenalin output to get these cells
mobilized. I certainly agree that the plasma volume, which is a routine
measurement, should be done along with the other measurements.

Then, Dr. Remenchik, when you measure sodium exchangeable and
potassium exchangeable relative to body water, what is the K value, and how
constant is it?

A. P. REMENCHIK For the clinically healthy subjects, it is very constant.
Unfortunately, it is rather difficult to persuade people to participate in these
kinds of studies unless you are in the military service.

A. KODOMA 1 wonder if any of the speakers would like to comment on
the ethanol-dilution method reported by the Australian workers on sheep and
by the British workers on humans. The Australian workers indicated that it is
the easiest method and as accurate as the antipyrine method.

B. A. PANARETTO 1 would rather not comment. I cannot get a decent
method for analyzing ethanol in blood. There must be one, because of the
police court cases. No one I know is using it in Australia now. In fact, I do
not know of anybody who is using it in the world, but that does not mean it
is wrong.

D. LISTER I can only say that the work on ethanol was done by Dr.
Southgate, and I think the thing was that he was unable to find a good zero-
time point. This was the whole problem.

E. M. WIDDOWSON I would just like to come back to the question of the
constancy or not of the water and of the potassium in the lean body mass.

I agree with all of you that, for all practical purposes, it is fine; it is more or
less constant because we have rather the same proportions in liver, muscle,
bone, and so on, but when you come down to saying that this is a biological
constant, that is when I quarrel with you. I know it is now two-to-one, but I
still stick to my point, and I think you are arguing against yourself because
you have shown how it varies from muscle to muscle. The potassium also
varies from one part of the skin to the other. The skin of the abdomen is
much more cellular than the skin of the back, and it has a much higher
potassium concentration, so we know that different parts of the body all
contribute different proportions to the body weight in different individuals.
So this cannot be a biological constant.

A. P. REMENCHIK Thank you, Dr. Widdowson, perhaps you are right; it
may not be the proper choice of words. I mean that I hope you will appreciate
the fact that I say some of these things to provoke some discussion, which I
have. Anyway, I think it is more constant than potassium. The point I am
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trying to make is that the variation of water in lean tissue is considerably less
than the variation of potassium. Potassium is much more labile ion in the
body. Would you agree with that?

E. M. WIDDOWSON  Yes, but I think that what I say about potassium I say
also about water; that is also not a biological constant, but it may be more
constant for practical purposes than potassium.

A. P. REMENCHIK Potassium is more labile than water, right? Would you
agree to that?

E. M. WIDDOWSON It is more variable.

A. P. REMENCHIK More variable than water; all right. So, as a result,
because of this variability from tissue to tissue, we cannot make potassium
measurements and from them assume a certain constant for the body and pre-
dict size of body compartments. That is all I am saying. I am trying to say
that the measurement of potassium is an exceedingly important measurement.
This is a very important ion; some work I have done, the results of which have
been published, shows that potassium depletion produces changes in the levels
of ATP, AMP, and ADP in the erythrocyte. These are exceedingly important
and interesting changes, so it is an important ion, and it is important to mea-
sure. We can measure the total amount, but we cannot use it to predict sizes
of compartments. That is the point I am trying to make.

E. M. WIDDOWSON Now, we come together over the fact that potassium
is important.

S. L. HANSARD s there any other question or comment.

A. R. BEHNKE 1 would like to make a comment. No conference like this
has a happy ending—I know we are not yet finished, but it seems to me that
there should be something on which we have a high correlation to go away
with, and I think we should plot the inconstancy of potassium against the in-
constancy of body water.

S. L. HANSARD Would it be acceptable to Dr. Remenchik to qualify his
statement about the constancy of body potassium in relation to body water
by saying that potassium is more variable than intercellular water rather than
the unqualified statement of body water. This would be more in agreement
with the statement that the intercellular water for the species at a given age is
more or less constant, and erratic changes that take place are really in the
extracellular water.

A. P. REMENCHIK 1 think what you are saying is that you and Dr. Pana-
retto disagree. That is how I interpret it, but I would agree with you; yes.
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MILLER 1 want to make one comment that may be out of line here. The
question was asked by the discussant if Dr. Panaretto had checked the turn-
over rate of tritium. I have been making a lot of measurements on the reten-
tion of isotopes in animal versus age, and I have a reputation for one bad
habit. I do not measure the animal today, next week, next month, next year,
but I measure it every day and have hundreds of measurements on it. Where
you, or someone else, can draw a nice straight line through this, we have 18
or 20 points between each two that he has, and we find that the retention of
different radioisotopes in an animal varies greatly according to the age at
which he was given it and the length of time that he has it. Someone traced
cesium in mice recently, and it did not follow a power function. It will follow
one exponential awhile, and suddenly it will break and change to another
exponential, and then it will break and change to still another exponential,
and this is not the sum of exponentials. It is simply one exponential, then
another. Something goes on, and these breaks depend upon the age of the
animal when you gave it the isotope. If you are essentially doing retention

of tritium in animals, and if you have not done this, perhaps it should be in-
vestigated as a function of the age of the animal. AsI mentioned, this man
from the University of Utah traced cesium in mice, and his data demonstrate
exactly the same thing. The mice excreted the cesium at a certain rate for

15 days, and at 15 days there was a break; then it went along to a certain
point, and at that point, there was another break. It followed the data we
had obtained on our animals of that age perfectly. It is not an artifact; I have
no explanation for this. But, if you are checking turnover rates on tritium, be
a little suspicious of the age of the animal, and how long he has had it. Maybe
it will not come into play at all, but be forewarned.

S. L. HANSARD That is one of the rhythms of nature, I guess.
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__ Gu ¥ INTRODUCTION TO
Colorado State University WHOLE-BODY
COUNTING

My purpose in introducing this session on whole-body counting is to acquaint
you with the available types of whole-body radiation detection devices. The
empbhasis will be upon their application to body-composition research with
domestic animals. Four symposia'~* on whole-body counters have been con-
ducted in recent years, but with almost exclusive emphasis on applications to
man.

The emphasis of this conference is upon applications to animal research. In
the calibration of whole-body counters, animal research workers have an enor-
mous advantage over those in the medical field. They can slaughter their sub-
jects and by chemical analysis determine the precision of their estimates from
whole-body counting. Animal research is utilizing techniques developed for
human uses but, in turn, it is anticipated that much information of use in
medicine will be gleaned from experiments on whole-body counting of animals.

Whole-body counters as we know them today were developed in the 1950’s
for monitoring personnel working in the rapidly developing field of nuclear
technology. Whole-body counters are expensive to build, and an even greater
cost has been involved in the talent and time required for the design, develop-
ment, and calibration of these instruments. The costs probably could have
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Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=20255

Body Composition in Animals and Man: Proceedings of a Symposium Held May 4, 5, and 6, 1967, at the University
http://www.nap.edu/catalog.php?record_id=20255

264 WHOLE-BODY COUNTING

been borne only by our large national laboratories. It is a benefit of AEC-
sponsored research that these counters have become available to evaluate body
composition. It is doubtful that the livestock industry ever would have allotted
the resources necessary for developing whole-body counters solely for evalu-
ating body composition of meat animals.

Estimating the body composition of a living subject by whole-body counting
is feasible only because of the direct relation of potassium to lean body mass
and its indirect relation to fat. Potassium is the only single element found in
body tissue in significant amounts that has any predictive value of body com-
position. Potassium is found predominantly in the intracellular space, and thus
total body potassium is indicative of total body cell mass. Potassium is not
found in fat, and thus if potassium is present in the fat-free tissue as a constant
percentage, then a value for total body potassium can be converted to a weight
of lean body mass (LBM). It follows then that body weight minus LBM equals
body fat. Please note that fat-free tissue and LBM are used synonymously.

The properties of °K that confer a unique value for estimating total body
K and hence body composition are:

1. 4%K isan isotope of, and hence is metabolically identical to, the only
element (potassium) that appears to have value in determining lean body mass.

2. 40K has a long physical half-life (3 x 10° years), and it is uniformly
distributed with all stable potassium in nature to the extent of 0.012%, which
is a high enough concentration to make possible the external detection of the
isotope in the living animal.

3. 40K disintegrations produce gamma rays of high energy (1.46 MeV).
Whole-body counting requires gamma-ray emission and the energy of gamma ray
must be reasonably high.

A whole-body counter consists of a chamber shielded usually by 4 to 8
inches of steel against environmental or background radiation. Shielding is
necessary in order to measure the low levels of radiation resulting from radio-
nuclides such as 4°K.

Gamma rays produced by disintegration by 4°K are detected by scintil-
lators. Two types of scintillators are in general use: the sodium iodide crystal
detector and the liquid or plastic scintillation detector. The major advantage
of the sodium iodide crystal detector is its high-energy resolution, which
allows gamma-ray spectrometry. The advantage of a liquid or plastic scintil-
lator is that, being of lower cost, it may be used in configurations that give
better counting geometry (2-pi or 4-pi) and consequently shorter counting
times. A sodium iodide crystal is the detector of choice if several radionuclides
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are present with different gamma-ray energies. Liquid scintillators are favored
where interfering nuclides are not important and rapid counting is important.
We are fortunate in having here two men who were pioneers in the develop-
ment of these types of whole-body counters and who represent the two na-
tional laboratories responsible for much of the development in this field: Dr.
C. E. Miller of the Argonne National Laboratory, who is a pioneer in the field
of crystal-type counters, and Dr. E. C. Anderson of Los Alamos whose dis-
cussion of liquid scintillation counters is published in these proceedings.
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THE STUDY OF
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A major objective of this conference is the assessment of the validity of
methods for determining body composition. It seems appropriate, therefore,
in a discussion of the characteristics of organic scintillation detectors to focus
attention on their accuracy and to review the various sources of error that can
affect their performance. This paper, therefore, contains only a brief discus-
sion of the design of these counters and is concerned primarily with the mag-
nitude of the errors to be expected and with general methods of evaluating
and controlling these errors. The data are derived from the measurement of
normal human subjects in 4-pi counters—a favorable situation in which the
errors are comparatively small. An attempt is made to indicate what might be
expected in counters of more limited geometry and with larger samples.

BASIC DESIGN OBJECTIVES

The natural radioactivity of potassium (due to the isotope 4°K) offers an
attractive method for the nondestructive measurement of the total amounts
of that element in large samples, especially living animals. +!2:14:15 The
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gamma rays emitted have an energy of 1.46 MeV, and their penetrating power
is sufficient to permit escape from massive samples without prohibitive self-
absorption. However, the concentration of potassium in the normal body is
very low. In terms of specific radiation, the gamma-ray emission rate is only
about 0.4 min~! g~! for an adult human male with 150 g of K in a body
weight of 70 kg. Measurement is, therefore, an extremely low-level counting
problem. (For comparison, natural radiocarbon in the human body has a
specific activity of 2.5 betas min~! g~!, about 6 times higher.) Only the very
large mass of sample available makes it possible to measure animal potassium
in a reasonable counting time, and there is a real incentive to increase the
counting efficiency. The large organic scintillation counter is designed with
this objective primarily in mind. A geometrical efficiency of 94% may be
obtained for a sample 1.5 m in length. The total efficiency for a point source
of 4°K can be as high as 77% in a wide energy band and 36% in an operational
potassium band, with energy discrimipation against !37Cs, 5Zn, and ¢°Co.!8
As a result of this high efficiency, human potassium can be measured to a pre-
cision of * 4 g (one standard deviation) in 3 min of counting time.

A very important “by-product” of high counting efficiency is a greatly de-
creased dependence of counting rate on the location of the radioactivity within
the sample. This matter is discussed in greater detail below.

To obtain a high counting efficiency, it is necessary that the detector inter-
cept and absorb a large fraction of the radiation emitted by the sample. En-
closing a sizable animal more or less completely is technically impossible with
the best (in terms of energy resolution) gamma-ray detectors (the *“solid-state™
silicon or germanijum semiconductors) and is prohibitively expensive with the
second-best detector (the sodium iodide crystal). Organic scintillators (liquid
or plastic solutions) rank as third best for gamma spectrometry because of
their limited energy resolution and low stopping power but are economically
feasible and, if the objective is the rapid counting of simple, known mixtures
of gamma activities, some energy resolution can be sacrificed to reduce count-
ing time and to increase accuracy.

DESCRIPTION OF A COUNTER

HUMCO I, a typical organic scintillation detector of the size commonly called
a human counter, is shown in schematic cross section in Figure 1. In counters
of this type, the subject is contained in a cylindrical tube that may be 46 to
56 cm in diameter and 1.8 m long, surrounded by a layer of scintillator 10 to
30 cm thick in various models. Since the detector almost completely fills the
solid angle of 4-pi steradians, counters of this geometry are often called 4-pi
systems. (Similarly, a half cylinder is called 2-pi.)
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FIGURE 1 Schematic cross ssction of a 4-pi liquid scintillstion human counter
(HUMCO 1).

HUMCO II, the Los Alamos human counter facility,? is shown in Figure 2.
The data used in this paper were obtained largely with this counter. The de-
tector tank containing the liquid scintillation solution (PPO plus POPOP in a

FIGURE 2 The Los Alamos human counter || (HUMCO I1).
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commercial paint solvent, TS-28)!2 is visible through the open door of the
100-ton steel room (walls 18 cm thick). The subject is transported into the
counting well by a motorized sling-and-trough system. The scintillator has a
minimum thickness of 30 cm and a total mass of more than 1,000 kg. Scintil-
lation light is collected and amplified by 24 multiplier phototubes (DuMont
K-1328) with photocathodes 16 in. in diameter. A multichannel analyzer is
available for energy calibration and testing, but routine measurements are
made with six single-channel analyzers and scalers covering the energy range
from 0.1 to 2.7 MeV, the potassium channel extending nominally from 1.15
to 1.68 MeV (energy scale based on maximum double-Compton scattering).'®
Total counts in each channel, counting time, and auxiliary information (such
as sample identification number, sample weight, date, and clock time) are
punched directly onto IBM cards at the end of each automatically timed
count. All data processing and analysis are done by digital computer.

The energy resolution of HUMCO II is adequate to give complete separation
of the 4°K double-Compton peak from *37Cs, as shown in Figure 3. For a de-
tailed discussion of theoretical and attainable resolution in detectors of various
sizes and geometries, see Van Dilla and An(lerson.la Even with considerably
poorer resolution than this, *37Cs is no problem, but 22Ra daughter products
have spectra that overlap the spectrum of “°K. Some fission products, espe-
cially 14°Ba/14%La, also overlap.
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FIGURE 3 Net gammae-ray spectrum of a human subject as messured with HUMCO II.
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SOURCES OF ERROR IN TOTAL BODY
POTASSIUM DETERMINATIONS

It is of fundamental importance in any investigation to establish the nature
and magnitude of the errors of the analytical methods. This is particularly
true in attempts to determine body composition where a high degree of accu-
racy is required, because the natural homeostasis of the organism limits the
range of variability of any parameter, often severely.

The present paper does not consider the question of the reliability of the
biological models used to analyze the primary data, although this is, indeed, a
point of equal importance. Clearly, it is not possible to reach a decision as to
the adequacy of a method nor as to the accuracy required independently of
the subsequent calculations to be made with the data. A basic question to be
decided in formulating a model for interpreting total potassium data is whether
the potassium is to be considered as correlated with a single physiological com-
ponent, or whether it is to be distributed among two or more biologically sig-
nificant and independent entities.!!? If the latter, then what additional
parameters (water, density, and other electrolytes, for example) will be simul-
taneously determined? The degree of sophistication of the model will be
determined by the ambition of the objective. Crude correlations can be based
on approximate models; specific conclusions require that the model display at
least some of the natural complexity of the subject. Thus, in a manner typical
of scientific progress in general, one proceeds by successive approximations as
theory and experiment develop together.

It is already clear that the brilliant approximations of the early investigators
of body composition (the simple two-component models of body composi-
tion)*"'® must be refined and extended if comparable progress is to continue.
This means that the requirements for precision and accuracy on current ex-
perimental techniques are more stringent than in the past, and correspondingly
closer attention must be paid to the several sources of error.

Several independent sources of error can affect the accuracy of potassium
determination by whole-body gamma counting. These errors are common to
the sodium iodide spectrometer and the high-geometry organic scintillator, but
their relative importance may vary in the two systems. They are discussed
here only in connection with the latter detectors, but mutatis mutandis may be
applied also to crystals. The different error sources can be identified and
evaluated by different methods, and their control or correction is accom-
plished (or attempted) differently. The primary sources of error are counting
statistics, instrument instability, contamination, and calibration errors: effi-
ciency and background depression. The first two cause random errors and

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=20255

Body Composition in Animals and Man: Proceedings of a Symposium Held May 4, 5, and 6, 1967, at the University
http://www.nap.edu/catalog.php?record_id=20255

ORGANIC SCINTILLATION DETECTORS 271

thus affect precision (i.e., reproducibility) but do not introduce a consistent
bias into the results. The third may be more or less random in its magnitude
and frequency, but contamination of the sample is, of course, a consistent
error in that it can only make the result too high. Erratic background varia-
tions due to contamination of the detector or shield can cause either random
or consistent errors, depending on their pattern of incidence. Calibration
errors are consistent and may be more serious, particularly in that they are
harder to detect and the experimenter may be misled by a high degree of
reproducibility.

COUNTING STATISTICS

Counting statistics, the simplest of the error sources, is well understood
theoretically, and can be predicted a priori from first principles (that is, the
standard deviation associated with the observation of N random counts is
equal to the square root of N). It is also perhaps the least important with
high-efficiency detectors, because even a counting period of a few minutes is
sufficient to reduce the counting error to the level at which it may cease to
be limiting and other factors take over. This is not always the case, however,
and if other sources of error are minimized, the counting statistical limit can
be pushed surprisingly far. Thus, in the determination of human potassium
with a 4-pi counter, under “routine” conditions a 3-min counting time was
expected to give a counting error (one standard deviation) of £ 3 g of K;
whereas the observed scatter of repeated measurements on a standard phantom
corresponded to + 5 g of K.2 Clearly, other sources of random error were con-
tributing + 4 g of K and thus were somewhat larger than counting statistics
alone. By refining the measurement technique, which meant primarily the
measurement of background before and after every sample, it was possible
to reduce the error to +3 g of K and even to demonstrate a reproducibility of
11 g of K for 30-min counting times, in agreement with the theoretical limit.
The theoretical error based on counting statistics is, therefore, a firm limit
to the precision attainable but is a goal that may or may not be reached. It is
important to know what the limit is for a given system so that one will not
attempt demonstrably impossible experiments or waste time attempting to
improve other components or procedures if counting statistics are, in fact,
limiting. Evans (reference 9, Chapter 26) has published an excellent discus-
sion of the laws of counting statistics. While sometimes called nuclear decay
statistics, the relevant laws are, in fact, more general than this and apply to
any counting process in which the probability of scoring another event is
independent of previous events.
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INSTRUMENT INSTABILITY

Included in instrument instability are factors that influence the precision
of repeated measurements on samples known to be invariant. The inherent
factors on which this stability depends are:

1. The characteristics of the scintillator as a transducer of high-energy
radiation into visible light.

2. The collection, conversion, and amplification factors of the multiplier
phototubes.

3. The stability of the phototube high-voltage supply (£ 0.002% is neces-
sary).

4. The noise level of the system.

5. The gain of the electronic amplifiers.

6. The discrimination of the pulse-height analyzers, which select for
recording only those events corresponding with the desired gamma-ray energy.

7. The reliability of the scaling system that tallies the selected events.

Maintenance, diagnosis, and repair of scintillation counters are so abstruse
that they are best entrusted to a specialist. However, the present state of the
art has advanced to the point where long trouble-free periods of operation can
be expected, and it is sufficient that the user perform the routine tests that
assure him of satisfactory performance or else signal the necessity of expert
assistance. For this reason, we will not enter a detailed discussion of the fac-
tors that affect stability but will be content with a few general remarks.

By addressing our attention to the reproducibility of repeated measure-
ments, we are concerning ourselves primarily with random, short-term errors.
Longer, consistent drifts are best treated as a problem in accuracy and are
discussed below. Thus, changes in the scintillator, being most likely irreversible
and slow, are unlikely to be relevant in the present context.

Instrument instability is almost certain to be electronic, although the dif-
ficulties may be either internal or external (the latter including temperature
fluctuations and electrical noise in the power lines). The use of standard
monitor devices such as precision potentiometers on the high-voltage supplies,
oscilloscope display of amplifier outputs, precision pulse generators to test
amplifier gain, and discriminator settings should be routine, and a log book
recording daily observations of pertinent operating data can be very valuable
in helping to identify the onset of trouble and in deciding a posteriori whether
a given set is to be considered reliable.

The best method for quantitative evaluation of instrument stability is the
frequent measurement of stable, inanimate reference samples that resemble
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TABLE 1 Precision of Repeated Measurements of Potassium Content of

Control Milk Sample
Average Observed
Number of Potassium Standard Devistion
Period Determinations (9) (o)
1965
November 19 359.3 5.1
December 18 355.8 4.8
1966
January 17 356.0 6.8
February 12 355.1 44
March 13 356.1 1.9
April 12 356.3 3.0
May 12 356.0 4.3
June 11 355.0 3.3
July 12 353.7 4.6
August 10 355.9 4.0
September 12 355.6 3.3
October 13 354.6 1.8
November 12 354.8 34
Entire period 173 355.9 4.4

the experimental objects to a reasonable® approximation. These samples are
in addition to the calibration standard which provides a frequent check of a
point on the calibration (efficiency versus weight) curve. The apparent activity
of this standard is not a useful parameter because it is used as a normalization
point. (The electronic settings necessary to maintain constancy of the
standard are an indication of drift but are not interpretable as a precision
index.) The reference samples are routinely measured with sufficient fre-
quency to provide an adequate sampling of counter behavior. Statistical
analysis of these data can then give a quantitative evaluation of counter
precision as a function of time for samples of the type represented.

An example of results obtained with such a reference sample is given in
Table 1. The sample is 23 kg of nonfat dry milk solids measured several

*“Reasonable™ is deliberately vague, since the requirement depends directly on the
precision required and on the variability of the experimental samples. The effect of in-
strumental changes on the counting rates of the reference and experimental samples
should be comparable. The former may well contain more potassium, so that their
precision is greater.
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times weekly. The potassium content of 356 g is about 3 times larger than
that of an adult subject, so statistical precision is greater. Data are averaged
over 1-month periods, and the standard deviation is calculated from the
scatter about the monthly mean. The resulting value of 4.4 g is somewhat
larger than the 3.0 g expected if counting statistics were the only error.
Another reference “sample” is the null sample (i.e., background). The high
background characteristics of 4-pi human counters make a major contribution
to the error in the net activity, and a high degree of stability is required (e.g.,
+ 2% precision on human*°K may require + 0.7% precision on background).
Background can, of course, vary for reasons other than instrumental ones
(contamination, cosmic-ray intensity changes), and detailed records of its
level are useful in mirroring and providing evidence about these effects as well.
The nonstatistical fluctuations in background and reference samples will
probably be insignificant for short counting times where the statistical errors
are large. As counting time is lengthened and the error decreased, a point may
be reached at which the observed standard deviation of a series of counts
ceases to follow the expected square root of time dependence. The coefficient
of variation (i.e., fractional standard deviation) will reach a minimum and may
actually get worse for longer counting times. 1t is important to know at what
level this occurs. If the counter is capable of automatic operation, this is easily
accomplished by letting it run a long series of repeated backgrounds (or samples)
using a short counting time. The result of using a longer counting time can
then be calculated by summing the appropriate number of actual determina-
tions, and the precision of these hypothetical longer counts can be calculated
from their variance about their own mean. When this is done, the results may
resemble those given in Figure 4, which were obtained with HUMCO II. The
solid line is the theoretical expectation if counting statistics were the only
source of error; the points are derived from the experimental data (see
reference 2, Table VII) The significant feature is that the coefficient of
variation of background follows counting statistics down to 0.15% (for ¥%-hr
counting times). For longer times the error rises, so that for a 9-hr count it
is 0.25% compared with the theoretical 0.03%. The maximum profitable
uninterrupted counting time varies depending on the stability of the system.
If higher precision is necessary, then sample, background, and calibration
must be alternated over a longer period so that the additional error can be
averaged out. The precision actually attained must be evaluated from the
scatter of repeated counts. This procedure clearly becomes very tedious and
time-consuming, o, on a routine basis, it is not feasible to gain a great deal by
this method. Improvement of the system by control of the source of the
trouble may be necessary.
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FIGURE 4 Stability of background of HUMCO Il. The obssrved coefficient of varis-
tion (100 times the ratio of the standard deviation to the mean) for a series of repested
background determinations is plotted as a function of duration of each measurement.
The solid line is theorstical expectation, and the points are experimental. Data from
Anderson (reference 2, Table Vil).

CONTAMINATION

The natural potassium radioactivity of animals is not large compared with the
levels of other radioactivity in the environment and, in spite of energy dis-
crimination, significant errors can be caused by contamination. The offenders
are primarily the natural radioactivities but can also include tracers or leaky
sources used elsewhere in the vicinity and, to a lesser extent these days,
fallout from nuclear weapons testing. The contamination may affect the
counting facility or the sample, or both. The organic scintillator, with its
limited energy resolution and wide counting bands, is less tolerant of contami-
nation than is the crystal spectrometer.

Contamination of the counter is easier to detect than contamination of
the sample, since background changes are easily noted if proper records are
kept. Perhaps the most likely source of counter contamination is from the
animal being measured, but airborne gases and dusts can also contribute.
Disposable liners and paper or plastic covers are probably the best protection,
but frequent background measurements are necessary to give warning when
decontamination is required.
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Contamination of the sample results, of course, in a consistent error and
can lead only to overestimation of the potassium. It is hard to identify,
especially at low levels. If the contamination level is not constant, the vari-
able portion can be detected by the variation of a series of measurements on
the animal. The interpretation is complicated by possible true variation in the
potassium content as well as by a possible invariant but positive lower limit on
the contamination itself. Gamma-ray spectrometry can, in principle, identify
the nuclides being measured and distinguish *°K from the other possibilities.
In practice, however, an amount of activity sufficient to cause a significant
error may not be identifiable in this manner. (Quantitation, being based on
the summation of a wide energy band of counts, generally has better statistical
precision than identification, which requires the use of narrow bands.) How-
ever, even with an organic scintillator of limited resolution, warning of trouble
can be obtained sometimes by measuring the activity in other energy bands in
addition to the 4°K Compton peak. An estimate of the probable level of dif-
ficulty can sometimes be obtained by special experiments such as repeated
washing of an animal exposed to typical external contamination, separate
measurement of the contents of the rumen and gastrointestinal tract, and
study of the effect of especially clean environment or diet, or both. It is
probably useless to attempt to generalize because each problem will have its
own solution, depending on the accuracy and sensitivity required and on the
detailed environment.

With respect to contamination by fallout of fission products from weapons
testing, the situation is more favorable now than it has ever been. Atmospheric
detonation of nuclear explosives is no longer practiced by the major powers,
and as a result the contamination of the biosphere has declined. The situation
for 137Cs in people is shown in Figure 5,' which is a plot of the body burden

-
g 8
P N

%s B0DY BURDEN (pCigK)

8 &8 & 8
. -5

L'# _— - = &}W

YEAR

-]

FIGURE 6 Average body burden of 137Cs (relative to potassium) in human subjects
(New Mexico) for the period 1966-1966.
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(in pCi/g of K)* for a group of New Mexico subjects over the 10-year period
through 1966. The concentration of this nuclide has dropped by a factor of 3
since its peak in 1964. Interference with potassium determination has actually
declined by more than this, since present fallout is largely *“old” (i.e., the
radioactivity produced about 5 years ago) and the shorter-lived fission products
such as 14°Ba/4%La and %5Zr/°Nb have now decayed. Contamination by these
activities was greater from the testing of small weapons in Nevada than from
large tests in the Pacific and was probably responsible for a significant increase
in the error of human potassium determinations in 1956 and 1957, as illustrated
in Table 2. The data here are the results of repeated measurements of the

TABLE 2 Yearly Averages for Total Potassium Measurements on a Control

Subject
Average Average
Number of Weight Potassium®
Yeer Determinations (kg) (@)
HUMCO 1
1956 71 65.7 135.7 + 11.7
1957 26 65.2 133.3 + 9.8
1958 24 65.3 1349 + 5.3
1959 11 66.4 133.0 * 5.6
1960 8 65.4 130.3 * 3.5
1961 14 69.0 140.7 * 4.6
1962 20 70.4 139.9 * 6.3
HUMCO 11
1962 52 70.0 * 0.6 140.3 * 4.6
1963 53 66.3 * 2.8 136.7 * 4.5
1964 44 63.5 * 1.0 135.0 * 3.6
1965 48 60.5 * 0.9 138.6 * 3.8
1966 41 61.0 £ 0.9 141.7 * 4.7

%The tabulated error is the standard deviation of a single determination as calculated
from the scatter of the data about the yearly mean.

potassium in a control subject, and the standard deviation given in the last
column (calculated from the scatter of the individual results about the yearly
mean) includes true biological changes as well as random errors. The errors of
12 and 10 g of K in the first 2 years are in striking contrast with those of 4 and
5 g of K attained later. Some of the gain is perhaps due to improved techniques,
but the observed presence of **°Ba/'%%La in foods during 19573 supports the
conclusion that it probably contributed to high °K results in people during

this period. It is interesting to note, however, that J. E. Johnson, G. M. Ward,
and L. B. Sasser report !4°Ba/!4°La from Chinese nuclear tests (see page 317).

*pCi = picocurie (2.2 disintegrations per minute).

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=20255

Body Composition in Animals and Man: Proceedings of a Symposium Held May 4, 5, and 6, 1967, at the University
http://www.nap.edu/catalog.php?record_id=20255

278 WHOLE-BODY COUNTING

A more enduring source of contamination is the natural radioactivity of the
environment, especially that of 226Ra and its short-lived daughter products.
The normal body burden of these nuclides is extremely low*” because they are
chemically rejected by the food chain. The problem is, therefore, one of ex-
ternal surface contamination or of material in transit through the gastrointestinal
tract. The contaminant may be dust and dirt, in which case it will have the
very long half-life of the radium (or uranium) parent activity. It may also be
gaseous radon emanating from radium in the soil (or in pumice blocks or
bricks), in which case the half-life can range from 3.8 days (radon itself) to
20 minutes (the gamma-emitting daughter products). The radon content of
laboratory air is often extremely variable, as it depends on how much is baked
out of the surrounding soil and how much is trapped by atmospheric inversion
layers.

Potassium is also a prominent component of the natural radioactivity of the
environment. Here energy discrimination is, of course, of no help, except in-
sofar as the potassium is accompanied by other gamma emitters whose pres-
ence can be detected by this means. Maximal cleanliness and decontamination
procedures are really the only cure (e.g., by a special feeding program for
ruminants prior to counting).

CALIBRATION ERRORS

Efficiency

Gamma radiation is significantly scattered and absorbed by any sample
whose mass exceeds a few kilograms. All counters thus require an empirical
efficiency calibration based on the experimental determination of the count-
ing rate per gram of K as a function of sample mass. It is also necessary

to consider whether mass alone is enough to determine the efficiency or
whether sample shape must also be taken into account. In addition, one
must estimate how large an error might result from variations in the pattern
of distribution of the activity through the sample.

Calibration can be accomplished by construction of phantoms of known
composition, by introduction into the subject of known amounts of 42K
(isotopic with 4°K and having a similar gamma energy), and by chemical
analysis of samples after counting. In addition, theoretical calculations of
efficiency, while difficult for many situations, can help delineate critical
areas and parameters.

A typical potassium calibration curve for a 4-pi organic scintillator
(HUMCO I) used for human counting is shown in Figure 6.2 The circles
were determined by 42K ingestion and the triangles by sugar phantoms
(cylindrical) containing KCl. Note the excellent agreement between the two
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FIGURE 6 Potassium efficiency calibrstion of HUMCO | (the fraction of 40K gamma
rays detected as a function of weight of the sample). The equation is the least squares
best fit used in computer processing of the dasta.

methods. The determination of such curves is discussed by Dean.® For
human counting to a precision of a few percent, gross body weight is the
only parameter needed to define the efficiency curve of a 4-pi counter.
This experimental observation can be confirmed by the following theoreti-
cal analysis, which also serves to derive the shape of the curve in Figure 6.
The basis of the analysis is to approximate the human body of weight,

W (kg) by a cylinder of unit density whose length is equal to the subject’s
height, A (cm), and whose radius, 7 (cm), is such that

1,000 W = wrih. m

The ratio k = h/r defines the shape of the cylinder. If k is large and if the
counter is sufficiently long, then the counting efficiency will depend only on
r, whereas sample weight depends on both r and k. Therefore, one can con-

struct a family of curves for efficiency versus weight, each one for a different
k

Interesting values of k can be deduced from the regression of height on
weight (reference 16, page 181) by using the formula

h (cm) = 40.9 w935 (kg) 7))
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for the healthy male population over the weight range 20 to 70 kg. If the ex-
ponent were 0.33, then all model cylinders would have the same proportions
with a constant height-to-radius ratio k. Solving Equations 1 and 2 for radius

gives
r (cm) = 2.79 w9325 (kg). 3)

Using this equation, one finds that for the male population the average k varies
only from 16.1 at W= 40 kg to 15.5 at 80 kg.

The gamma-ray flux leaving a cylinder from a uniformly distributed source
can be calculated by using the theoretical analysis of Case et al.” [Their treat-
ment was intended for neutron diffusion but is based only on geometry and
exponential absorption and, hence, is equally applicable to gamma rays; see
also Price et al. (reference 11, Chapter 5)] . The cylinder radius is expressed in
units of mean free path which is the reciprocal of the linear absorption coeffi-
cient. For 1.46-MeV gamma rays in water, the latter is 0.06 cm™ (reference 9,
page 714) when the total attenuation coefficient is used (i.e., by assuming that
any gamma ray that is scattered is not detected; this is the case when the de-
tector accepts only those gammas still retaining their full initial energy). The
efficiency versus weight curve is thus constructed by calculating the radius of
the equivalent cylinder from Equation 3, dividing by the mean free path
(16.7 cm), and looking up the collision probability (P,) (reference 7, Table 4).
Then (1-P,) is the fraction of gammas emerging from the cylinder without
energy loss. For comparison with experiment, this must be multiplied by the
fraction of the gammas that pass through the counter and are detected. This
is most easily done by normalizing the curve at one point. The result is shown
in Figure 7, in which the solid line is the calculated result normalized at 60 kg
to the broken line which is the experimental efficiency curve for HUMCO I1.8
The agreement is excellent (within 1 or 2%) except at large masses, where the
experimental curve is depressed by reduced counter efficiency as more of the
sample extends into the regions of lower geometrical efficiency near the ends.

The principal value of the theoretical curve is that it makes it possible to
estimate variations in counter efficiency which would result from changes in
sample shape. For this calculation, we abandon the “average shape” given by
Equation 3 and instead solve Equation 1 for r of the equivalent cylinders, using
the measured height and weight of appropriate population extremes. The rest
of the calculation of efficiency proceeds as above.

According to Spector (reference 16, page 176), the 95% limits on height and
weight for American adult white males are 164 to 191 cm and S5 to 86 kg,
respectively. Making the pessimistic assumption of pairing the minimum
height with maximum weight and vice versa, one can conclude that for the
great majority of that population the value of k should lie between 12 and 20.
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FIGURE 7 Comparison of theorstical efficiency curve (solid line) with experimental
curve (brokan line) for human potassium counting with 4-pi detector. Limits of the
cross-hatched band correspond to cylinders with length-to-radius ratios of 12 and 20,
respectively.

The cross-hatched area of Figure 7 covers the efficiency-weight range expected
on this basis. Even on this extreme assumption, the maximum variation of
counting efficiency from the mean would give a potassium error of only 5%.
The actual effect would be much smaller and would be very difficult to estab-
lish experimentally.

These calculations apply only to 4-pi systems in which radiation is detected
no matter on which side of the subject it emerges. For systems of other
geometries, a different and generally more complicated model must be used.
Other tables and functions that may be useful are found in Case et al” For
intractable cases that cannot be represented by a simple approximation, a
Monte Carlo calculation will be necessary. A computer code similar to that of
Zerby and Moran,?° designed for the inverse problem of calculating absorption
of external gamma rays, could be used.

The above analysis assumes that the source is uniformly distributed through-
out the sample. If the concentration is nonuniform but the pattern of distribu-
tion is similar in all samples, then the deduced potassium concentrations may
be in the correct ratios to one another even though they all suffer a consistent
error. However, if the distribution pattern changes, or if one compares samples
with differing patterns, the errors become more serious.

We can attempt to estimate the magnitudes of the effects of nonuniform
distribution by the following simplified, one-dimensional model (Figure 8).
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FIGURE 8 Simple one-dimensional model for estimating effect of seif-absorption on
counting efficiency as a function of source position.

A point source is located in an absorber of length x whose linear absorption
coefficient is . Detectors 1 and 2 measure the unabsorbed radiation emerging.
We now ask: what is the ratio of the minimum to maximum signal detected

as the source is moved along the absorber? This ratio we will call the minimum
relative efficiency (MRE). We consider two cases:

Case A: Only one detector is present. In this case, the maximum signal (/,,)
is observed when the source is at the end of the absorber nearest the detector
and the minimum signal (/ ,e~#*) when the source is at the other end. There-
fore,

MRE = e™#%*, 0

Case B: Both detectors are present. When the source is at either end of the
absorber (best case), one detector sees an intensity /, and the other an intensity
I,e#* for a total signal I, (1 + e"#*). In the worst case, the source is at the
middle of the line, and the total signal is 2/, e~ */2. Therefore,

- 2t ®
(1 + e"BX)

Note that we are not considering the over-all effect of absorption on effi-
ciency but are asking what is the maximum possible change due to non-
uniform distributions of activity in a given sample. If the MRE approaches
unity, then there can be little or no change in the signal strength as the source
is moved along the line. By using the approximation in Equation 5 that e™#*
= 1 - ux when ux is small (i.e., less than, say, 0.4), one can see that in Case
B (two detectors) the MRE is identically unity (i.e., counting efficiency is
completely independent of source position). For Case A, the similar approxi-
mation gives

MRE = 1 - fix.

Using 0.06 cm™ as the linear absorption coefficient (total attenuation),
one can solve Equations 4 and S for the value of MRE as a function of ab-
sorber length for the two cases. The results are shown in Figure 9; the lower
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FIGURE S Ratio of minimum to maximum counting efficiency (minimum relative
efficiency) for linear geometry of Figure 8 (4, one detector; B, two detectors).

curve is for Case A (“single-sided” detection), and the upper curve for Case B
(“double-sided” detection). At the equivalent cylindrical radius for the adult
male of 11 cm, the length of the one-dimensional approximation would be
taken as 22 cm. Here the values of MRE are 0.81 and 0.27, indicating that, if
10% of the activity were moved from the most favorable to the least favorable
position, the changes in detected signals would be 1.9% in Case B and 7.3% in
Case A. The latter is about 4 times as sensitive as the former to relocation of
potassium.

These numerical results cannot be applied directly to an actual case because
of the complications of three-dimensional geometry, scattering, and energy
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dependence of counting efficiency. The interesting cylindrical approximation
cannot readily be made because of computational complexity. However, a

spherical approximation is relatively straightforward. Case et al” have shown
that the fraction F of an isotropic incident flux absorbed by any convex body

is given by

4V
F =7<Po, 6)
where V is the volume, S the surface area, L the mean free path, and P, the
escape probability from the body. For the sphere, this becomes

4a
F = ‘3——[ (1.0 - Pc), (7)

where a/L is the radius in units of the mean free path and P, is the collision
probability (reference 7, Section 10.2, Table 3). For a point source on the
surface of a spherical absorber surrounded by a 4-pi detector, the flux in one
hemisphere will be unabsorbed and that in the other will have an intensity

(L - F) after transmission through the sphere. The average flux for the best
case is, therefore, (2 - F)/2. For a point source in the center of the sphere
(the worst case), the flux is attenuated equally in all directions to a value
e~#4, The ratio between these quantities is the MRE for this model and is
plotted as curve B in Figure 10. For a single, small-angle detector on one side
of the sphere, the MRE is e=2# 9, which is curve A in the same figure.

The expectation for a human subject in a 4-pi counter (curve B) would lie
between the value for a 70-kg sphere (@ = 26 cm, MRE = 0.36) and the value
for a sphere with radius equal to that of the equivalent cylinder (2 = 11 cm,
MRE = 0.73). The error resulting from moving 10% of the potassium from
the best to the worst position is, therefore, between 2.7 and 6.4%. Clearly,
samples as large as a normal man are on the verge of a serious sensitivity to
variations in the distribution pattern of potassium. For large animals, the
problem should be analyzed in more detail with more realistic models
(e.g., in the cylindrical or prolate spheroid approximation by numerical or
graphical integration or by a Monte Carlo calculation).

Background Depression

Another source of consistent error in calibration is the reduction of the back-
ground rate of the counter as a result of absorption of environmental gamma
rays by the sample. The magnitude of this effect, ranging from negligible to
serious, depends on the mass of the sample, the nature of the detector, and
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FIGURE 10 Minimum relative efficiency for a spherical sbeorber as a function of
the radius of the sphere (A4, single, small-angle detector; B, 4-pi detector).

the quality of the background radiation. Gamma rays from the external
environment can be reduced to a negligible level by massive shielding, and
some shielding materials are sufficiently clean that they do not contribute
significantly to background. Any material, however, is a source of secondary
gamma rays generated by the penetrating component of the cosmic radiation
which cannot be stopped except by many feet of material. Even the best
shield, unless buried far underground, will have a gamma-ray background in-
side that will contribute a significant fraction of the residual counter back-
ground. When a massive sample is introduced into the counter, it will absorb
some of this background, thus introducing a potential error proportional to
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sample mass and independent of sample activity. Therefore, correction for
this effect cannot be combined with the efficiency calibration.

The situation is illustrated in Figure 11 for three possible counter geome-
tries. Cosmic rays, which are heavily collimated about the zenith direction,
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FIGURE 11 Schematic illustration of background depression due to absorption of
secondary gamma rays by the subject.

produce secondary gamma rays in the shield, and a majority of these secondary
radiations are projected in the forward direction. In Case A, a horizontal 2-pi
system, the number of secondary gamma rays reaching the detector will be
reduced on interposition of the sample. In Case B, in which the counter is
inverted with the sample below, absorption in the latter is without effect,
since the gamma rays from above have already traversed the counter. Absorp-
tion of gamma rays from below will still result in a background depression,
but these gamma rays are less numerous, and the effect will be smaller. There
may also be some partial compensation as a result of backscatter: a gamma
ray from above, which passed the counter without producing a count, may be
reflected back by the sample, thus raising the background. This geometry is
somewhat less favorable, however, in that gravity does not press the sample
down into the counter in a reproducible position of maximum efficiency.
Case C represents a 4-pi counter. If the scintillator is thick enough (e.g.,
30 cm) that a majority of the gamma rays have already produced a scintilla-
tion before reaching the sample (even though they are not completely ab-
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sorbed), then background depression may be negligible, as is the case with
human subjects in HUMCO II. If the scintillator is thin (e.g., 15 cm or less),
then the counter resembles Case A, and a correction for background depres-
sion is necessary (e.g., HUMCO I).

The need for this correction must be determined experimentally, and
measurements of sufficient precision can be difficult. For illustration: in the
Los Alamos human counter, an error of 3 g of K (or 2% in an adult male
subject) corresponds to a change in background rate of 0.7%. Very precise
measurements with completely nonradioactive samples (sugar is most con-
venient) are necessary to establish the calibration for such small effects as a
function of sample mass. Adsorption of airbome radioactivity to the surface
of the sample by static electric charges can often completely override the
small effect of background depression. In practice, one should decide on the
accuracy desired (in grams of K) and multiply this by the counting efficiency
(counts per minute x grams of K) for the heaviest sample to be measured.
The product is the precision with which the correction for background de-
pression must be measured.

ACCURACY ATTAINABLE

The question of absolute accuracy which should be attainable in a given
situation depends strongly on the characteristics of the detector and the size
and nature of the sample. For example, it is very difficult to do as well in
measuring large animals or abnormally large people as was possible in measuring
normal people with a very large 4-pi counter such as HUMCO II. The results
obtained in that case might, therefore, be taken as a probable upper limit.

Evaluation of absolute accuracy is not easy since it requires an independent
determination of high accuracy. Construction of phantoms of known compo-
sition is tedious and also leaves open the question of how well geometrical
distribution was reproduced. Chemical analysis of an entire large sample is
difficult at best and is especially so where the human body is concerned. The
procedure used to evaluate the performance of HUMCO II was, therefore,
based on two less-direct comparisons: first, comparison with exchangeable
potassium as determined by 42K isotope dilution, and second, comparison
with the results of other laboratories. The first suffers from the possible
difficulty that a portion of body potassium may be nonexchangeable and the
second from the objection that there may be similar, consistent errors in all
the measurements. In both cases, the total discrepancy is a result of all errors
in the determinations compared and, therefore, constitutes only an upper limit
on the error of any one method. Granting these limitations, the comparison is
nevertheless useful as a guide.
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The methods and numerical results are described elsewhere,? and only a
summary is given here. In the 42K comparison, the average ratio of exchange-
able potassium to total potassium for five subjects was 0.964, with a range of
0.92 to 0.99 and a standard deviation of 0.03. In view of the difficulties and
probable bias of the dilution method, the conclusion that the absolute error
of the counting method is less than 3% appears justified.

When three subjects were measured in five other laboratories (three sodium
iodide crystals, one 2-pi liquid scintillation counter, and one plastic counter),
the average of 10 determinations was 0.987 for the ratio of the Los Alamos
result to that of the independent laboratory, with a standard deviation of 6%.
A similar comparison was based on measurements of the average potassium
content of groups of people of a given sex and age (a parameter shown to have
a standard deviation of 10 to 12%).'® The six other methods included one
42K dilution, four sodium iodide spectrometers, and one 2-pi liquid scintilla-
tor. The ratios to the Los Alamos results ranged from 0.923 to 1.161, with a
mean of 1.023 and a standard deviation of 0.08. (The 42K dilution result
gave 1.012.) The interlaboratory comparisons with other counters are, there-
fore, less encouraging than isotope dilution in their estimate of possible accu-
racy, suggesting that absolute errors of 7% are common. It may be significant
that most of the other counters were of low geometrical efficiency and thus
perhaps offered a more difficult calibration problem. Too much confidence
should not be placed on the agreement with 42K, in view of the discrepancies
between counter potassium and exchangeable potassium reported at this con-
ference by A. P. Remenchik (see page 231).

SUMMARY AND CONCLUSIONS

For the measurement of total potassium content of normal human subjects,
large organic scintillation counters are capable of a precision of £ 3 g of K
(one standard deviation) under routine conditions. With special care, a preci-
sion of 1 g of K has been approached. The absolute accuracy may be com-
parable under favorable conditions, but the error can be larger than 8%.

Sources of error include counting statistics, instrument instability, con-
tamination, and calibration errors. General methods of detecting and evalu-
ating these errors are discussed, and some results obtained with human
counters are given.

For the measurement of “°K in normal human subjects in a 4-pi counter,
the subject’s weight is the only parameter necessary to define counting effi-
ciency to an accuracy of a few percent, and nonuniformity of potassium dis-
tribution is not likely to cause significant errors. Methods of extending these
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estimates to larger animals are indicated. Animal measurements are undoubt-
edly more difficult because of the more serious problem with control of con-
tamination and, in some cases, because of the larger mass.

This work was performed under the auspices of the U.S. Atomic Energy
Commission.
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Precise and accurate measurements of “°K by whole-body counting require
careful standardization of the instrumentation and detailed calibration of
factors that affect “°K measurements. Routine electronic adjustments are
necessary to maintain detection efficiency close to a reference value.® Time
is required for photomultiplier tubes to stabilize after exposure to high scintil-
lation rates.® Standards representative of the size and shape of the sample to
be assayed are advantageous in accounting for variation in detection effi
ciency.!'® Long-term fluctuations in detection efficiency are caused by
changes in the performance of photomultiplier tubes and of electronic com-
ponents and by oxygen absorption into the scintillator fluid.'®

Calibration of counters relates sample weight to detection efficiency and to
background depression. There is considerable evidence that several other fac-
tors should be included. Remenchik and Miller!® reported that body potassium
estimated from whole-body °K count with a crystal detector appears to under-
estimate the potassium in obese subjects, as determined by the 42K dilution
technique. Uniformly distributed sources of radioactivity are not sufficient
for calibration for highly accurate results.'* Von Dobeln!® suggested that the
distribution of potassium throughout the lean body mass varies among
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individuals and that estimating body composition from potassium involves a
determination of three body components: muscle lean, muscle-free lean, and
adipose mass. Anderson? showed that variation in the potassium-to-water
ratio in humans can be accounted for by von Dobeln’s three-<component
system. Breed and muscle differences in potassium content of porcine
muscle® and of bovine muscle® have been suggested as additional sources of
variation in estimates of body composition. Gastrointestinal radioactivity in
cattle fed roughage diets was highly variable and greatly affected the precision
of the relation between whole-body 4°K count and carcass lean muscle mass.!?

Thus, several factors need to be considered in interpreting “°K measure-
ments and estimates of body composition. This paper describes some of the
counter-induced and sample-induced variables that affect “°K measurements
in which liquid scintillation whole-body counters are used.

PROCEDURE

COUNTER-INDUCED VARIABLES

Observations from whole-body counters at the Universities of Missouri and
Illinois were used to study counter-induced variables affecting *°K measure-
ments. Missouri results are from a 2-pi liquid scintillation modular detector
employing six 16-gauge (1.52-mm) stainless steel detector tanks with a 40.5-
cm photomultiplier tube (DuMont K-2128) mounted on the back of each tank.
" The six tanks are arranged in pairs to form a half cylinder with a diameter of
61 cm. Each tank is filled with 10S liters of scintillation fluid, composed of a
toluene equivalent solvent and the scintillators PPO and POPOP. The detector,
2 m long, can be moved vertically and horizontally. It is contained within an
80-metric-ton steel chamber with walls 10 cm thick; the interior dimensions
of the chamber are 2.7 m high, 2.7 m wide, and 5.5 m deep. In the Illinois
4-pi liquid scintillation counter two separate detector tanks (1.8 m long) are
used, with six photomultiplier tubes mounted on each tank.!®
Day-to-day variation in detection efficiency was studied by using !37Cs in
aqueous solution in a sealed plexiglass tube 2.8 m long by 1.2 cm in diameter.
About 2 pc of '37Cs was used for the Missouri standard, and 0.5 pc for the
Illinois standard. Three *37Cs counts, each preset for 900,000 counts (total
counting time was 2.7 min), and one 1-min background count were taken with
the 2-pi counter. Three 1-min counts on the !37Cs standard and one 1-min
background count were made with the 4-pi counter. Counts were taken for
each of 10 days by both counters, and observed and nuclear decay coefficients
of variation were calculated.'®
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Variation in the potassium mass of a human subject was also observed by
each counter by daily counts over a period of 10 days. Three subject counts,
each preset for 50,000 counts (total counting time was 11.5 min), and one
S-min background count were taken with the 2-pi counter, and two 3-min
subject counts and two 3-min background counts were taken with the 4-pi
counter. Both subjects were counted in street clothes but without shoes. A
54kg standard (5.4 kg of KCl in 48.6 kg of sugar) was counted before each
subject count at the 4-pi counter to enable correction for variation in detection
efficiency. A 65-kg standard (2.7 kg of KCl in 62.3 kg of water) was used at
the 2-pi counter.

SAMPLE-INDUCED VARIABLES

Observations from the whole-body counter at Illinois during a 2-year period
(1963-1964) were used to study sample-induced variables affecting *°K
measurement. Separate counts were made on the whole body, on the carcass,
and on carcass and noncarcass components of 90 steers. Thirteen additional
carcasses were counted during this period.

During the first year (phase I) close attention was given to sources of varia-
tion in whole-body counting other than those caused by differences in carcass
composition. The counting procedures were then modified to eliminate or
reduce these sources of variation, and during the second year (phase II) the
whole-body counting method was evaluated under more-controlled conditions.

Counting procedures of phases I and I for whole-body and carcass “°K
counting were those described by Twardock et al.'® and Lohman et al !2
Use of standards representative of the size and shape of the various samples
counted and the feeding of a diet (oats) low in radioactivity were the principal
changes from phase I to phase II.

Each steer was slaughtered the day after the whole-body count. Noncarcass
components were usually counted within 24 hours after slaughter. The com-
ponents were placed in polyethylene bags for counting (Figure 1), and were
counted in four groups based on anatomical function and potassium content.

Except for the hide, each group was counted in an aluminum container
centered on a stretcher, with the detector tanks in the 4-pi position. For each
steer, the components were placed in the same order in the container.

Two positions (4 and B) of the detector tanks were used for the whole-body
count.!® Count variation due to vertical movement of the steer relative to the
tanks was minimized with the tanks open an equal distance at top and bottom
(56 cm), and this position (B) was used in phase II in addition to that used in
phase I (4). The contribution of other radionuclides to the 4°K channel
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FIGURE 1 Noncarcass components.

count-rate was reduced in phase II by raising the pulse-height analyzer settings
from 0.8 through 1.6 MeV, used in phase I, to 0.9 through 1.9 MeV. The hide
was counted with the detector tanks in position 4, and was spread on a rack
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fitted on the cattle cart. This counting position could not easily be calibrated.
Potassium values for the hide were estimated from the hide mass rather than
40K count; a constant potassium content (0.1%)* was assumed.

The noncarcass components with a low potassium content—blood, mesen-
teric fat, and feet (BMF)—were counted for two 4-min counts, with 4-min
background counts immediately before and after each sample count. The re-
maining two groups of components, head and organs (HO) and gastrointestinal
tract and contents (GI), were each counted for two 2-min counts, with 2-min
background counts before and after. The aluminum container and stretcher
were counted for two 4-min counts on each day of use.

Within 7 to 15 days after slaughter the right side of each carcass was
separated into a standard trimmed lean (STL), bone (CB), and adipose mass
(CA). The fore and hind lean portions were separately ground through a
l-cm breaker plate before being counted. After thorough mixing, each was
placed in a polyethylene bag (7 to 20 kg/bag) and counted in the aluminum
container for two 4-min counts for each portion. Bone and fat were also
counted separately for three 4-min counts. The bones were distributed
throughout the aluminum container. Adipose tissue was placed in polyethy-
lene bags as was the lean. The counting of each carcass component was
preceded and followed by a 4-min background count.

For carcass and noncarcass component counts, a 27-kg standard composed
of 2.7 kg of KCl in 24.3 kg of sugar (contained in polyethylene bags) was
counted in the aluminum container on the stretcher during the last two thirds
of phase I to enable adjustment for changes in counter efficiency. In phase II,
a standard containing 3.6 kg of KCl in 32.8 kg of sugar was counted for each
carcass and noncarcass component count.

The counter was calibrated for the carcass and noncarcass components by
using KCl in sugar and KCl in water over the range of weights of the compo-
nents. The aluminum container and stretcher were used to contain the phan-
toms. There was a significant quadratic regression of 4-pi detection efficiency
on sample mass for the phantoms containing KClI in water. Detection effi-
ciency appeared to be independent of the carrier used (water versus sugar)
over the weight range studied (Figure 2). Background depression was deter-
mined in the 4-pi position under conditions similar to those used for deter-
mining detection efficiency. Distilled water was used as the nonradioactive

mass.
Because of the difficulty of constructing phantoms resembling carcass quar-

ters, the counter was not calibrated directly for carcass 4°K detection efficiency.
Potassium data obtained from the carcass components were used for the in-

*The value of 0.1% potassium was derived from the 4°K count of two hides in the
aluminum container.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=20255

Body Composition in Animals and Man: Proceedings of a Symposium Held May 4, 5, and 6, 1967, at the University
http://www.nap.edu/catalog.php?record_id=20255

296 WHOLE-BODY COUNTING

\
\,
\
\\
\\‘
\ -4-3--+ WATER PHANTOMS
s AN Y2 -.1282% ¢ .0893x% 107 23.18
\,
\ “—— SUGAR PHANTOMS
Y -08MK ¢ 22.62
-
i
2
<
§..
5 o
g "
~.
e,
s SO
™ Rt S
~—— a___
° © 20 %0 © %0 © ) © 0 100

FIGURE 2 90K 4pi counting efficiency.

direct calibration of intact carcasses. The calibration equation was determined
from the regression of carcass component potassium on carcass count and mass.

Whole-body potassium was estimated from the *°K count of the live steers
and the calibration equations relating 4K in vivo detection efficiency and
phantom background depression to body mass.!® In the component parts,
potassium was estimated from the component “°K counts and calibration
equations relating “°K phantom detection efficiency and background depres-
sion to phantom mass. The general form of the calibration equation relating
40K count to potassium mass has been described by Anderson.!

PRESLAUGHTER TREATMENT

The steers used and their preslaughter treatment were described by Madamba.!3
Four breed types (Holstein, Angus, Angus x Holstein, and Charolais x Angus)
were used in a 4 x 4 x 2 x 2 factorial experiment. The cattle were slaughtered
at one of four preset weights (305, 385, 465, or 544 kg). They were individu-
ally fed ad libitum one of two pelleted diets containing different levels of
roughage and exhibiting different levels of gamma-emitting radioactivity.

Half were implanted with 24 mg of diethylstilbestrol.
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Upon reaching the preset weight, body measurements were taken on each
steer, including height of withers from the ground to top of shoulders, length
from shoulder top to pin and from point of shoulder to pin, width of shoulder
from left to right junction of scapula and humerus, width of round from left
to right hip bone, heart girth, and circumference of paunch.

SLAUGHTER PROCEDURE

After whole-body counting, steers were slaughtered and dressed. Blood was
collected by bleeding the hoisted steer from the jugular vein. Head, hide, and
feet were separated from the carcass and weighed. The viscera were divided
into 18 components and put into several polyethylene bags for *°K counting.

Chilled masses of the carcass sides were taken after they had been separated
into forequarters and hindquarters and hung in a cooler for 48 hours at 1°C.
Standard trimmed lean was sampled for chemical analysis according to the
procedures of Lohman et al,'2 and the total fat-free carcass lean muscle mass
(CLMM) was calculated for each steer.

Data were analyzed by the method of least squares.*

RESULTS AND DISCUSSION

COUNTER-INDUCED VARIABLES

Variation in count rate caused by randomness of radioactive disintegration,
termed nuclear decay variability,® affects the precision of “°K measurements.
It depends on the total count for sample and for background. Reported values
of the nuclear decay coefTicient of variation (NDCV) of sample measurements
in body-composition studies range from 1 to 12%, mostly greater than 3%.°
Our counting times were chosen to reduce this source of variation to below 2%
where practical. The NDCV’s were calculated for all samples counted (Tables 1
and 2).

Day-to-day fluctuations in detection efficiency were studied for both
counters by counting a !37Cs standard and a human subject over a period of
10 days. A significantly greater (P <0.05) variation in detection efficiency
was observed by both counters than could reasonably be ascribed to the
NDCYV for counts of the *37Cs standard (Table 1). The observed variability
was probably caused by electronic-instrument drift and photomultiplier-tube
instability.

The variation of 10 counts with the 4-pi counter on a human subject was
significantly (P <0.05) greater than that expected from nuclear decay. The
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TABLE 1 Whole-Body Mean Counts and Coefficients of Variation

Sample
Sample and Counting Coefficient of Variation
Counter Mean Time (min) Observed  Nuclear Decay
137¢4 standard
2-pi counter (cps) 15,834  2.76 0.59 0.066
4-pi counter (cps) 5,622 3.000 0.17 0.10
Human subject (potassium mass)
2-pi counter:
10-day period (g) 140.0 11.47 1.8 2.0
4-pi counter:
10-day period (g) 167.2 6.000 2.7 1.7
2-year period (g) 174.4 6.000 4.2 1.6

observed CV was markedly reduced almost to half its original value of 2.7%
upon excluding one observation, but no reason can be given for excluding this
datum except that it appeared to be in error. Close agreement was found

between the observed CV and NDCV for the 2-pi counter.
A coefficient of variation of 4.2% was observed for eight counts taken over

a 2-year period as compared with 2.7% for ten counts on the same subject
taken in a 10-day period with the 4-pi counter. Anderson? reported an ob-
served CV of 3.7% as determined from 30 or more counts on each of 5 human
subjects over a 7-month period. The NDCV was 2.0%.

Long-term fluctuations in detection efficiency have been reported with
coefficients of variation up to 4.1%. Detection efficiency of large phantoms
shows a greater sensitivity to electronic instrument drifts than that of smaller
ones because of the shape of the “°K spectrum. Thus, the use of standards
representative of the size and mass of samples that are measured is essential
to account accurately for variations in detection efficiency on a given day.
Measurement of detection efficiency variation depends on the size and shape
of a standard, not only because the shape of the spectrum is affected, but also
because geometry affects the output of individual photomultiplier tubes.!®

SAMPLE-INDUCED VARIABLES
Whole-Body “*°k Count

The importance of removing external radiocontamination has been shown for
sheep and for cattle. In sheep the main contaminant caused by the accumula-
tion of suint in the wool is potassium, and several fallout nuclides were found
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in hair clippings from cattle. Washing cattle reduced the *°K channel count
rate by only 4.8%;' the total body potassium of sheep was lowered 35% by
shearing and washing. !°

By far the most important source of variation in whole-body potassium in
ruminants is the diet. An average of 22%, ranging from 10 to 30%, of the
whole-body count originated from the GI tract and contents of steers in phasel.
These steers were fed one of two pelleted diets containing 15% or 60% alfalfa
meal.!? Considerable amounts of !®®Ru/'%6Rh, %5Zr/?*Nb, and 5*Mn oc-
curred in the rumen contents,'® and a portion of gamma rays from these
radionuclides are counted in the *°K channel by liquid scintillation counters.

Two spectra obtained from an Nal(T1) crystal detector 12.7 cm in
diameter are shown of a reconstructed steer, one with the GI contents and
tract in the steer, the other without (Figure 3). The method of reconstruction

cs'a?

Ao pma WITH GASTROINTESTINAL CONTENTS
AND TRACT

t_ <+ WITHOUT GASTRONTESTINAL CONTENTS
AND TRACT

102

NET COUNT X

0.40

FIGURE 3 Gamma-ray spectra of phase | reconstructed steer.

was described by Lohman et al.'? '37Cs and *°K were predominant in the
empty body, with small amounts of '®Ru/!%6Rh. When the GI was included,
125gp, 95Zr/SNb, and 5*Mn were present. A large portion of the fallout
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nuclides of the whole-body spectrum were traced to the GI, in agreement
with results of others.!” In addition to the above radionuclides,
141,1940/141,194p, 131] an( 190Ba/190] 3 have been reported in the
gamma-ray spectra of cattle.”

The distribution of potassium throughout the body is given in Table 3 for
each phase. In phase II, when the low-radioactivity diet was fed, GI potassium
was only 11% of total body potassium, and was less than half the GI potas-
sium of phase I steers, based on the count in the potassium channel. The
standard deviation was reduced to one fifth of the phase I level, showing that
this source of variation can be effectively reduced by feeding diets low in
radioactivity prior to whole-body counting. In both phases, CB had con-
siderable amounts of potassium; the potassium concentration (grams per
kilogram) approached that of the STL and was considerably higher than
reported by Kirton et al. '° in sheep bone and Kulwich e al.!! in beef round
bone.

The effect of variability in GI radioactivity on the whole-body 4°K count
was further verified by feeding two steers the high-roughage pelleted diet
plus hay for 10 days followed by a diet (oats) low in radioactivity. A heifer
was fed a concentrate diet plus hay throughout the trial. Variation in radio-
activity of the hay from bale to bale proved to be an important source of
variation in the 4°K counts. Hays fed after the first 2 days contained only
60 or 40% of the “°K-channel count of that fed the first 2 days. After 10 days,
the whole-body count had decreased 13% in the heifer, 11% in steer 1, and 6%
in steer 2 (Figure 4).

The oat diet was fed to the two steers for an additional 7 days as the sole
source of nutrition, and the count was further lowered by 4% in steer 1 and
by 6% in steer 2. The heifer continued to consume hay during this period,
and changes in the radioactivity of hay may have caused the fluctuations
observed in her count. Refeeding the high-roughage diet and a high-
radioactivity hay for 12 days raised the whole-body counts of the two
steers to their previous levels. After a final 9-day period in which all animals
were fed the concentrate diet and a low-radioactivity hay, steers 1 and 2
decreased in whole-body count by 5% and 11%, respectively (Figure 4).

Variation in the whole-body *°K count also comes from variations in posi-
tioning the steer in the counter and in accounting for variability in the detector
efficiency. The steer x day interaction mean square of whole-body 49K count
was significantly greater than the nuclear decay variance.!? By changing the
position of the detector tanks, position B was found to be less sensitive to the
location of the sample.!® Based on counts obtained from 44 steers in detector
positions A and B on each of 2 days, the experimental counting error based on
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FIGURE 4  Effect of diet on whole-body count.

one 4-min count was 2.5% for whole-body potassium as determined for position
A and 1.7% for position B, the NDCV being 1.3%. These results agree with
earlier results'? indicating appreciable sources of variation of experimental
origin in whole-body “°K count in addition to nuclear decay variability.

Carcass *°K Count

Total carcass potassium was calculated as twice the sum of potassiums found
in the right-side carcass components (hereafter called carcass component
potassium), which in turn were calculated from the component 4°K counts
and 4°K calibration by using KCl-in-water phantoms. The regression of carcass
component potassium on intact carcass “°K count and mass within phase was
used as the calibration equation for intact carcasses. The two independent
variables together accounted for 95.3% and 89.0% of the variation in carcass
component potassium in phases I and II, respectively (Table 4). While there
was no significant difference between phases in the regression coefficients,
there was a significant difference in the constant term (because phase I
carcasses were counted at a slightly higher efficiency than phase II carcasses)
and in the standard error of estimate (SE), which was considerably greater in
phase II. Accounting for differences in breed type, the quadratic effect of

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=20255

Body Composition in Animals and Man: Proceedings of a Symposium Held May 4, 5, and 6, 1967, at the University
http://www.nap.edu/catalog.php?record_id=20255

304 WHOLE-BODY COUNTING

TABLE 4 Relation between Carcass Count and Mass and Carcass Component

Potassium
Dependent Varisble (Carcass Component Potassium)

Independent Phase | (47 steers)® Phase 11 (56 steers)”
Varisbles b__Sb b__so )
Carcass :gx (cp)} 2.26* 0.23 1.81% 0.32 - -
Carcass ~ K (cps) - - - - 2.08* 0.31
Carcass mass (kg)c 2.05* 0.21 2.42* 0.27 2.08* 0.28
Constzant term -24.5 36.8 29.2

R x 100 95.3 89.0 90.3

SE (kg) 24.8 36.8 346

SE (%) 3.8 6.0 5.6

“Ri;ht side of carcass uncorrected for changes in counter efficiency.
cRight side of carcass corrected for changes in counter efficiency.
Jli;ht side of carcass.

Asterisk indicates P< 0.0S.

carcass mass, or the trimmed carcass adipose mass, did not significantly de-
crease the SE in either phase.

In phase I the SE was 3.8%. The NDCV of the intact carcass count was
1.4%, and the NDCYV for the carcass component potassium was 1.6%. These
two sources of variation accounted for about 31% of the total deviation mean
square. In phase II the SE was 6.0%. Correcting carcass counts for changes in
counter efficiency had little effect on the SE (Table 4). Thus, appreciable
variation was found between the intact carcass °K count and mass and
carcass component potassium, particularly in phase II.

The relation of the right- to left-side intact carcass “°K count and potas-
sium was studied to provide a better estimate of the within-day experimental
errors in carcass “°K counting. The SE estimated from differences between
left and right sides was 1.7% for intact carcass *°K count and 1.1% for intact
carcass potassium, not significantly different from the NDCV. These results
indicate that the intact carcass count was highly repeatable from side to side
and that little variation was observed above that contributed by nuclear decay
variability. However, these values are not estimates of total experimental error
because they are based on counts taken within a short period of time.

The intact carcass “°K count, carcass mass, breed type, and phase accounted
for 96.8% of the variation in CLMM with a SE of 3.2% (Table 5). When intact
carcass 4K count was replaced by carcass component potassium, 4.5% less of
the variation in CLMM was accounted for, the SE being 5.0%. These results
indicate that measured gamma radiation from the intact carcass was a more
precise indication of carcass composition than the total measured for carcass
components.
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TABLE 5 Relation of CLMM to Carcass Measurements and Breed Type

(103 Steers)
Dependent Variable

Independent cLmm’ cLmm®
Varisbla b Sb b Sb
Intact carcass 4°K (cps) 0.521° 0.033 - -
Carcass component potassium (g) - - 0.139* 0.016
Carcass mass (kg) 0.360* 0.029 0.239* 0.062
Breed-type comparisons

1 0.88* 0.28 1.56* 0.40

2 -1.15* 0.36 -2.74* 0.53

3 0.49 0.61 0.46 0.95
Phase -1.16* 0.53 - -
Constant term -1.13 16.78

R?* x 100 96.8 92.3

SE (®) 43 6.6

SE (%) 3.2 5.0

@ Asterisk indicates P < 0.05.

To determine the influence of carcass ether extract mass on carcass ‘°K
count, the regression of carcass count on carcass ether extract was adjusted for
differences in CLMM, carcass mass, breed type, and phase. The partial regres-
sion coefficient found was negative and significant (P <0.05), which indicates
that larger amounts of carcass ether extract were associated with a smaller
carcass count. However, the effect was not large: an increase of S kg ether
extract (9% of the mean) corresponded to a decrease in the predicted °K of
3 counts per second (cps), 1.6% of the mean. Also, the coefficient of deter-
mination (CD) was decreased by only 1%, from 94.1 to 93.1, when ether
extract was omitted from the analysis.

Regression of Sum-of-Parts on Whole-Body Potassium

The total potassium from counts on separate components had a mean value

of 1,012.0 g in phase I and 824.6 g in phase II (Table 3). The mean potassium
values derived from the whole-body 4°K count were 1,131.9 and 898.9 g—12%
higher in phase I and 9% higher in phase II. These results contrast with those
reported by Kirton ez al., ' who found the sum-of-parts potassium 14%
greater than the whole-body potassium in sheep, based on 4°K counting.

From the regression of intact carcass plus noncarcass potassium on whole-body
potassium, CD’s of 94.0% and 87.4% were found in phases I and II, respec-
tively, with SE’s of 5.2% and 5.5%. Larger CD’s were observed when carcass
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component potassium replaced intact carcass potassium. Thus, in each phase,
considerable variation in the sum-of-parts potassium could not be accounted
for by the whole-body potassium.

Whole-body potassium was determined by using calibration factors from a
separate study involving 19 cattle, all of beef breeding.!® Body mass accounted
for 95.7% of the 42K detection efficiency variation in position 4, and 89.3% in
position B. Body measurements, including length, width, height, and circum-
ference, did not account for significant additional variation in 42K detection
efficiency.

The effect of body conformation on whole-body potassium was studied
further in an attempt to account for the variation in the relation of the parts
to the whole. Body measurements (length, width, height, and circumference)
of phase II steers were used.

Whole-body potassium accounted for 87% of the variation in the intact
carcass plus noncarcass potassium. With the addition of nine body measure-
ments, each as an independent variable, the variation accounted for increased
by 9% (Table 6). Of nine measurements (including body mass) only partial
regression coefficients for body mass and length were significant (P <0.05).
The use of body mass and length in addition to whole-body potassium ac-
counted for as large a proportion of the variation as was accounted for by all
nine measurements in sum-of-parts potassium.

TABLE 6 Relation of Sum-of-Parts Potassium to Whole-Body Potassium and
Body Measurements (44 Phase |l Steers)

Dependent Variable
Intact Carcass plus
Noncarcass K
2
Independent rg SE
Veriable 100° (kg) (%)
Body mass (kg) 91.1 38.1 4.6
Whole-body potassium () 87.4 45.2 5.5
Whole-body potassium plus:
Nine body measurements 96.2 279 34
Two body measurements® 95.3 28.3 34
Three breed-type comparisons 95.8 27.0 33
Three breed-type comparisons
and body mass 96.9 24.0 2.9
Three breed-type comparisons
and body adipose mass 96.2 26.2 3.2

:Bued on mean of counts on 2 days with detector position A.
cAll coefficients of determination significant, P < 0.05.
Shoulder point to pins and body mass.
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The effect of breed type on the relation between whole-body and sum-of-
parts was also studied. The three breed-type comparisons were all significant,
and the variation that was accounted for, above that by whole-body potassium
alone, was 8.4% for sum-of-parts potassium (Table 6). The SE was 3.3%, and
by including body mass as an additional independent variable, the SE was
lowered to 2.9%. Of the remaining variation unaccounted for, almost half
was due to experimental errors in the whole-body count and in the NDCV for
the intact carcass plus noncarcass potassium. Thus whole-body potassium,
when adjusted for differences in body conformation or breed type, was found
to be closely related to the intact carcass plus noncarcass potassium.

The discrepancy between the mean whole-body potassium for the 44
steers and that of the mean potassium for carcass plus noncarcass potassium
was further studied by comparing values in phase II within breed type
(Table 7). Close agreement was observed between the mean whole-body
potassium and mean sum-of-parts potassium for the Angus; however, as the
breed type changed from beef to dairy the ratio of whole-body to sum-of-
parts potassium progressively increased. Adjusting for differences in the
intact carcass plus noncarcass potassium, the Holstein, Angus x Holstein, and
Charolais x Angus averaged 15%, 12%, and 5% higher whole-body potassium
values than the Angus (Table 7). The only nonsignificant difference was
between Charolais x Angus and Angus. Since the 42K whole-body counting
efficiency calibration was with beef cattle, and since calculation of all whole-
body potassium values were based on this 42K calibration, these results
appear logical.

Mean length, width, and mass of the four breed types are given in Table 7,
with the standard deviations. There is some correspondence between breed
type and body measurements, but much variation was observed within each
type. However, when body length was used in addition to breed type and
whole-body potassium, there was no significant increase in the variance
accounted for in sum-of-parts potassium.

Body fat was estimated by combining the trimmed carcass adipose mass
with the mesenteric adipose mass. Little additional variation was accounted
for in the sum-of-parts potassium when adipose mass was included as an
independent variable with whole-body potassium and the breed-type com-
parisons (Table 6).

The magnitude of the adipose mass regression coefficient when the intact
carcass plus noncarcass potassium was the dependent variable was 1.7 times
greater than its standard error, and its sign was positive, which suggests that
large amounts of adipose tissue tend to cause whole-body potassium to under-
estimate the sum-of-parts potassium. This observation agrees with results of
Remenchik and Miller,!® who reported underestimations of potassium in obese
human subjects based on measurement of 4°K with a crystal detector. Because
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the cattle in this study were not obese, the effect of body adipose mass was
not pronounced.

Regression of Whole-Body Potassium on Component Potassiums

Regression of whole-body potassium on the potassiums of various compo-
nent parts, each as an independent variable, was studied to determine which
components had a significant effect on whole-body potassium. In phase I,
STL and GI potassium were significantly related to whole-body potassium
(Table 8). The STL potassium and two breed-type comparisons were sig-
nificant for both detector positions of phase II, whereas breed-type com-
parison 1 was significant only for position 4. The general agreement be-
tween positions 4 and B in regression coefficients for whole-body potassium
on component potassiums indicate no major difference between detector
positions in the contributions of components to the whole-body potassium.
The relatively large standard errors of the regression coefficients for most

TABLE 8 Relation of Whole-Body Potassium to Potassium of

Component Parts

Dependent Varisble (Whole-Body Potassium)®

Phase | (37 steers) Phase |1 (44 steers)

Detector Detector Detsctor
independent Position 40 Position 4% Position B®
Varisble b Sb b Sh b Sh
Potassium (g) . . .

Standard trimmed lean 1.51 0.20 1.39 0.18 148 0.19
Carcass bone 0.64 0.63 1.05 0.54 1.14 0.60
Carcass adipose 1.14 0.83 -0.40 0.88 -0.34 0.96
Blood, mesenteric fat,
and feet 1.98 2.52 239 1.73 2.51 191
Head and organs 2.83 1.81 -0.14 1.53 0.22 1.68
Gastrointestinal contents .
and tract 0.70 0.12 0.78 0.53 0.61 0.58
Breed type .
1 8.76 6.43 11.25 . 5.52 10.61 . 6.07
2 -12.56 17.89 -19.63 . 6.43 -18.95. 7.08
3 4.53 14.55 25.28 11.75 26.41 1294
Constant term -166.9 32.7 -47.8
R2 x 100 97.3 92.2 91.7
SE (g) 46.9 46.3 51.0
:Bued on mean of counts on 2 days.
Asterisk indicates P-< 0.05.
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components indicate inconsistency from steer to steer in the contribution of
potassium in each component to whole-body potassium. Much of this in-
consistency may be due to experimental errors other than nuclear decay in
measuring potassium in the components.

From the grouping of component parts into carcass and noncarcass potas-
sium, it was found that both variables accounted for a significant amount of
variation in whole-body potassium (Table 9). Regression coefficients of 1.54
and 1.21 were found for carcass potassium of phases I and II, respectively.
The regression coefficients for noncarcass potassium were less than unity.

In phase I, noncarcass potassium as an independent variable increased the
variation accounted for by 4.4% when used with intact carcass potassium
(Table 9). In phase II, the noncarcass potassium was considerably smaller
because of the lower GI radioactivity levels, and an additional 2.0% of the
variation in whole-body potassium was accounted for.

A final grouping of steer component potassiums was carried out according
to the model of von Dobeln'® into STL potassium, sum of HO, CB, and hide
potassium (defined as lean muscle-free tissue potassium), and GI potassium. The
increase in variance accounted for by all three variables over STL potassium
alone was 5.1% and 4.1% for phases I and II, respectively. Significant regres-
sion coefficients were found for all three groups in both phases in addition to
some significant breed-type comparisons (Table 9), these findings indicate that
differences among steers in amount of muscle-free lean tissue as well as GI
potassium are additional sources of variation in whole-body potassium, as von
Dobeln had suggested to be the case with humans.

The SE of body mass as predicted from the component parts, each used as
an independent variable, was about 1% as compared with 3.3% when intact
carcass potassium, noncarcass potassium, and the breed-type comparisons were
used to predict whole-body potassium. These results indicate the present
limitations in precision of estimating whole-body potassium from gamma-ray
counting of the component parts as compared with the precision of estimating
body mass from mass measurements of the components. While all body com-
ponent masses account for rather sizable amounts of variation in body mass,
the STL potassium, CB potassium, and GI potassium account for most of the
variation in body potassium.

Regression of CLMM on Whole-Body Potassium

When whole-body potassium was used to estimate the carcass lean muscle mass,
91.6% of the variation was accounted for with a SE of 4.9%. Accounting for
the effect of breed type did not significantly decrease the SE, in contrast to
the whole-body potassium versus sum-of-parts analysis, and in contrast to car-
cass potassium versus CLMM analysis.
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The whole-body potassium, sum-of-parts potassium, and carcass potassium
means for each breed type adjusted by the method of least squares for differ-

ences in CLMM are given in Table 10. In contrast to the decrease in adjusted

TABLE 10 Association of Body Potassium with Breed Type Adjusted
for Differences in CLMM (44 Phase || Steers)

Adjusted Meens for CLMM Varistion Ac-
Hol- Angusx Charolais x An- counted for?
Item stsin Holstein Angus ws  p2, 100°
Whole-body potassium (g)¢
Detector position A 923 896 890 886 92.4
Detector position B 901 881 874 877 92.5
Sum-of-parts potassium (g) 798 799 841 861 91.7
Intact carcass potassium (g) 596 604 623 636 95.6

SGCLMM and the three breed-type comparisons were used as the independent variables,
and the various measures of body potassium were used as the dependent variables.

b A1l coefficients of determination significant, P < 0.05.

©Based on mean of counts for 2 days.

whole-body potassiums as beef breeding increased, the adjusted sum-of-parts
potassium increased. One half to two thirds of this increase was due to greater
amounts of potassium in the carcass per unit of CLMM, and the remainder to
larger amounts of noncarcass potassium. Thus, although there was less sum-of-
parts potassium per unit of CLMM in cattle of dairy breeding, it was distributed
so that it was counted with considerably higher efficiency in the whole-body
count than for cattle of beef breeding and favored the Holsteins in terms of a
higher ratio of whole-body potassium to CLMM, with little difference between
the three other breeds. These results agree with those of Miller and
Remenchik,'® showing the limitation of calibrations based on uniformly
distributed sources of radioactivity. Although calibrations of this study were
carried out in vivo, the use of only one breed limited the accuracy when
applying the calibration results to other breeds.

The use of nine body measurements in addition to whole-body potassium
increased the variation accounted for in CLMM by 3.2%. Of these measure-
ments, only the partial regression on heart girth was significant and only when
body potassium was based on the whole-body count from detector position B.
The use of body mass, length, width, and heart girth accounted for nearly as
much of the variation in CLMM as that accounted for by all nine body measure-
ments together with whole-body potassium (Table 11). Only regressions on
body length and heart girth were significant when used in addition to whole-
body potassium based on position B count. Regression on body length was
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not significant when used with whole-body potassium based on the position 4
count. The significant effect of heart girth on the relation between whole-body
potassium and carcass composition is in contrast to its nonsignificant effect

on the relation of sum-of-parts to whole-body potassium.
The addition of GI potassium and bone, organ, and hide potassium as in-

dependent variables increased the variation in CLMM accounted for by less
than 1% (Table 11). Although the effect of GI potassium was significant, the
SE was reduced to only 5.2 kg, 4.0% of the mean CLMM. The muscle-free
lean potassium mass, as von Dobeln'® defined it, did not significantly affect
the relation between whole-body potassium and CLMM, but in the same steers
it did significantly affect the relation between whole-body potassium and both
STL potassium and carcass potassium. Body adipose mass was also used as an
independent variable, but no significant effect was observed, and the sign of
the regression coefficient was negative in contrast to that when sum-of-parts
potassium was the dependent variable.

SUMMARY

Counter-induced and sample-induced variables were studied to determine what
factors influence °K as measured by liquid scintillation whole-body counters.

A comparison of day-to-day variation in detection efficiency by using a
137Cs standard in two different whole-body counters indicated that fairly
stable performances can be achieved, although observed variability probably
due to electronic-instrument drift and photomultiplier-tube instability was
significantly greater (P <0.05) than nuclear decay variability. Consecutive
counts over a 10-day period on a human subject yielded coefficients of varia-
tion of 2.7 and 1.8% for the two whole-body counters.

Cattle were used to study the major sample-induced variables found to
affect “°K measurement, including diet as it influences the GI radioactivity,
variability in positioning animals in the whole-body counter, body conforma-
tion, and breed type. By feeding a low-radioactivity diet for 7 days before
40K counting and accounting for differences in body conformation, whole-
body potassium predicted sum-of-parts potassium, as determined by 4°K counts
on separate body components, with a SE of 3.4% and carcass lean muscle mass
(CLMM) with a SE of 4.2%.

Breed type affected the relation between whole-body potassium and sum-
of-parts potassium significantly (P <0.05) as well as that between carcass
potassium and CLMM, but not that between whole-body potassium and CLMM.
The effect of potassium found outside the lean tissue on the relation between
whole-body potassium and carcass lean potassium and CLMM was also studied.
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Measurement of gamma radiation from intact carcasses was a more precise
indication of whole-body potassium and of CLMM than measurement of radia-
tion from separate carcass components. Intact carcass *°K count, carcass mass,
and three breed-type comparisons together predicted CLMM with a SE of 3.2%.

This work was supported in part by U.S. Atomic Energy Commission Grant
No. AT(11-1) 1339, and by grants from the Illinois Department of Agriculture,
and the National Livestock and Meat Board.

Portions of this paper are part of a thesis submitted by the senior author to
the Graduate College, University of Illinois, in partial fulfillment of the re-
quirements for the Ph.D. degree.
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J. E. Johnson - CALIBRATION

G. M. Ward

Colorago 2 L. B. Sasser TECHNIQUES FOR
clorado State THeY - A CRYSTAL-TYPE
WHOLE-BODY

COUNTER

The ability to measure total body potassium by the gamma-ray emission of its
radioactive isotope 4°K was reported over a decade ago.® Although the appli-
cation of this technique to the determination of gross body composition
seemed promising, it has been used with success rather infrequently. This can
be attributed largely to difficulties in calibration and relatively few attempts
to assess first the precision and accuracy of “°K whole-body counting data.
These two problems would seem amenable to solution with animals because
radioactive isotopes may be given and because the animal may be slaughtered
and the total potassium content determined accurately by chemical methods.
This paper is concerned with K calibration techniques used at Colorado
State University to determine total body K in swine and cattle and to analyze
the whole-body counting data in terms of expected precision and accuracy.

EXPERIMENTAL METHODS

The Colorado State University whole-body counter has been described in
detail previously.2 The detector is a single large high-resolution Nal(TI)
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scintillation crystal (4 by 9 in.) used in a low-background steel room (8 by 8
by 8 ft). All animals are carefully washed before counting, and the count time
is 15 to 30 min. The counting positions for swine and cattle are shown in
Figures 1 and 2. A constant crystal-to-skin distance of 10 cm is used for all
animals, regardless of size. The counting geometry for humans is presently
the Argonne standard chair.

FIGURE 1 Counting position for swine in the Colorado Stata University whole-body
counter.

The counting calibration constant for total body K in animals (counts/
30 min-gram K) is determined by values from both 42K-dilution experiments
and chemical analysis of the total body K after slaughter. The K concentration
in all animal tissues is determined both by “°K counting® and by atomic ab-
sorption spectrometry. Fat is determined in tissue samples by pentane ex-
traction.!

The effect of rumen potassium content on the total body 4°K counting
rate was estimated by placing polyethylene bags of KCl in solution at various
positions in the rumen of a rumen-fistulated cow.
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FIGURE 2 Counting position for cattle in the Colorado State University whole-body
counter.

RESULTS AND DISCUSSION

The calibration constants or counting efficiencies for potassium in swine are
shown in Table 1. These values were derived from both 42K dilution and
slaughter analysis. Since the crystal is kept at a fixed distance from the animal,
the calibration constant is a function of the size or body weight of the animal.
In Figure 3 the calibration constants determined for swine are plotted on log-
log coordinates. The equation for this relationship is:

counts/30 min-gram K = 494 w073,

where W = the live body weight in kilograms.
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TABLE 1 40K Counting Calibration Constants for Swine

Whole-Body Counter
Body Weight Method of Measuring K Calibration Constant
(kg) Total Body K (counts/30 min-gram K)
24.5 42x 41.5
38.0 42x 38.1
56.8 Slaughter, 40K 27.5
104.0 Slaughter, 40K 20.7
111.0 Slaughter, 40K 18.9
111.0 Slaughter, 40K 20.6
112.0 Slaughter, 40K 17.7
123.0 Slaughter, 40K 16.0
5 40
4 K CALIBRATION CONSTANTS FOR
. SWINE
<
x | COUNTS/30 MIN-GM K« 494WOT3
¢
4
S -
[+ 4
W
(7]
2
(&)
1 1 1 1 ' - L J

-
20 30 40 SO 60 TO €0 %0 0O 200 300

BOOY WEIGHT (Kg)

FIGURE 3 The whole-body counter 40K calibration constant for swine as e function
of body weight.

The accuracy of any measurement of total body K in a pig will depend on
the counting time, the net K count to background ratio, and the body weight.
For a 50-kg pig and a counting time of 20 min, the expected coefficient of
variation of the counting estimate of total body K is approximately 4%. This
would be expected from counting statistics alone. The observed coefficient of
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variation of a pig counted repeatedly and repositioned between counts was
4.4%. Swine are completely immobile and docile when on their backs in the
counting position used, and the counting time could easily be increased to
30 min. If the total body K is used to estimate lean body mass (LBM), the
calculation for a 50-kg pig would give a coefficient of variation for the esti-
mate of approximately 4.4%. If a two-compartment model is used and total
body fat is estimated by difference, then variability of its estimate will, of
course, increase as the percentage of LBM increases.

The calibration constants observed for cattle are listed in Table 2. These
are plotted as a function of body weight in Figure 4. Since the weight range
was not as great as for the swine, the values are plotted on linear coordinates.
For comparison, the calibration constant for humans in the standard chair

TABLE 2 40K Counting Calibration Constants for Cattle

Whole-Body Counter

Body Weight Method of Measuring K Calibration Constant
(kg) Total Body K (counts/30 min-gram K)
292 42x 5.07
456 Slaughter, 40K 4.41
485 2k 4.26
510 Slaughter, 40K 4.51
553 Slaughter, 40K 4,22
614 Slaughter, 40K 3.71

« **1 “OK COUNTING CALIBRATION CURVE

3 54 FOR CATTLE

[ .

E 3.0 -3

COUNTS/ 30 MIN-GM K=4.16x0 W+6.44

% e

B .l

x

w 3.8

(7] p

5 34

o .M_‘ A A A A 4 A A A A A A A A A A A v

280 360 440 820 600 680

BODY WEIGHT (Kg)

FIGURE 4 The whole-body counter 40K calibration constant for cattie ss a function
of body weight.
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positions was 19.8 counts/30 min-gram K as compared with 4 to §
counts/30 min-gram K for cattle.

For a 500-kg cow, the net count rate under the °K total absorption peak
(110 KeV) was approximately 3 times the background counting rate. One
545-kg Holstein cow was counted weekly for 12 consecutive weeks, and the
coefficient of variation of the total body K estimate was 2.8%.

Although the *2K-dilution technique is an easier calibration method, the
ultimate value for total body K must come from slaughter analysis, and the
values from the two methods must agree. It is relatively easy to obtain the K
concentration in muscle or in the edible portion of the carcass; however, the
fraction in bone, hide, and the nonedible portion cannot be neglected and
presents the largest experimental difficulty. Phantoms to represent animals
seem to be of value only to check reproducibility of counting. Phantoms offer
nothing for calibration that cannot be obtained from slaughter and analysis.

With a single-crystal detector, the effect of “°K and other gamma-ray
emitters present in the body or the rumen is not as serious as with the liquid
scintillation type of detector. One reason is that with a high-resolution crystal
there is no contribution from such fallout emitters as !37Cs and 5*Mn to the
total absorption peak of 4°K. If short-lived fission products such as 25Zr/**Nb,
103,106 Ry,/103,106Rh, and 14°Ba/!40La are present in the rumen they may be
quickly identified, and their contribution may be subtracted by standard
spectrum-stripping techniques.3

When bags of water and KCI were placed at various positions in the empty
rumen of a 450-kg Holstein cow with a fistulated rumen, the contribution to
the net counting rate ranged from 3.0 counts/30 min-gram K at the bottom of
the rumen to 3.8 counts/30 min-gram K at the top. Thus the sensitivity of the
detector to K in the rumen is less than the average sensitivity for K in the
whole body. In another trial the difference in net 4°K counting rate from a
cow with a normally full (hay ration) to a completely empty rumen was less
than 10%. Thus it would seem reasonable that there would be less than 4%
error for normal variations in rumen and GI tract contents.

Calibration constants are, however, calculated on the basis of total body K,
not including rumen K. To correct the observed counting rate for that due to
K in the rumen, the rumen contents are calculated from data of rumen con-
tents as a function of time after feeding and also as a function of body weight.
Knowing the hay-to-grain ratio in the ration, the rumen K concentration, and
hence the K content, may be calculated. Applying the calibration constants
observed in the experiment described above then gives the counting rate due
to rumen K, and this is subtracted from the observed counting rate of the
animal for calculation of total body K.
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The K concentration in all animal tissues is determined either by atomic
absorption spectrometry or by 4°K counting. As observed in Table 3, the
atomic absorption spectrometer method is more sensitive, but both methods
predicted the same mean K concentration in tissue fat-free dry solids (FFDS).

TABLE 3 Comparison of K Analysis in Muscle Samples by 40 Gamma-Ray
Spectrometry and Atomic Absorption Spectrometry?

Coefficient
of Variation?
Analysis Mean 40K Mean 39K (%)
Wet basis 2.86 - 17.8
FFDS 13.63 - 16.6
FFDS - 13.70 10.2

a3s samples containing 56.48% of moisture and 22.50% of fat.

bThe coefficient of variation of the K estimate was 2.0% for 14 subsamples of the same
sample determined by atomic absorption spectrometry and 4.0% for a meat sample
counted 15 times by gamma-ray spectrometry.

The validity of 4°K estimates to predict body cell mass (BCM) or lean body
mass (LBM) depends on the constancy of K in these compartments. The K
concentration in individual skeletal and nonskeletal muscles from a single
animal is presented in Table 4. The coefficient of variation of the K concen-
tration in FFDS in muscle is considerably less than the coefficient of variation
of the K concentration in nonskeletal muscle.

There is, however, increasing evidence in the Colorado State University
laboratory that K concentration in tissue fat-free dry solids is not a constant,
but that it decreases as a function of the fat percentage. Although the magni-
tude of this effect is not great, the LBM of the animal may not be perfectly
predicted by total K alone. For this reason, we are presently performing total
body water measurements by HgO dilution on all animals in calibration experi-
ments. Bromine-82 has also been used in a number of animals to estimate
extracellular water volume since the total body water in the ruminant includes
a large fraction of gut water.

SUMMARY

The technique of estimating in vivo body K by *°K gamma-ray spectrometry
has béen shown to be feasible and sufficiently accurate in both swine and
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TABLE 4 K Concentration in Individual Skeletal and Nonskeletal Muscles

of a Holstein Cow
Fat (Wet Cosfficient
Moisture Basis) g K/kg of Varistion

Muscle (%) (%) FFDS (%)
Skeletal Muscles

Longissimus dorsi 66.76 9.64 17.5

Supraspinatus 70.57 5.98 12.5

Biceps brachii 76.59 7.32 18.3

Infraspinatus 67.94 14,61 16.2

Psoas major 66.42 10.20 17.6

Biceps femoris 67.50 7.50 . 16.6

Gluteus medias 66.47 12.60 16.6

Semitendenosis 70.09 5.06 18.2

Quadriceps femoris 74.38 3.00 18.5

Semimembranosis 69.86 7.51 16.7

Semimembranosis 67.69 843 18.2

Mean 69.48 8.35 174 4.6

Nonskeletal Muscles

Lung 78.04 1.12 16.4

Tongue 75.62 1.50 15.8

Liver 70.00 0.66 113

Spleen 74.15 2.32 17.9

Rumen tissue 78.20 1.28 129

Small intestine 78.50 5.72 17.1

Large intestine 79.48 4.10 14.6

Mean 76.28 2.39 15.1 13.0

cattle. This technique has the advantage of measuring a body-composition
component directly without the administration of radioactive isotope.

The counter is calibrated from the counting rate of the animal, and the
value of total body K is determined by atomic absorption spectrometry and
40K gamma-ray spectrometry of all animal tissues after slaughter. The calibra-
tion procedure of 42K dilution is also used. Once the counting calibration
constant perfectly predicts total body K determined after slaughter, the in-
strument has been calibrated and can be used in studies relating total body K
to body composition.

This work was partially supported under contract AT(11-1)-1171 with the
U.S. Atomic Energy Commission and published as COO-1171-57. It is pub-
lished with the approval of the Director of the Colorado Agricultural Experi-
ment Station as Scientific Series Paper No. 1213.
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I.G Mariin - FACTORS AFFECTING

R. B. Harrington

and . gmzvfzrssslzg ESTIMATES OF
POTASSIUM CONTENT
BY WHOLE-BODY
LIQUID SCINTILLATION
COUNTING

Accuracy of estimating potassium content by whole-body liquid scintillation
counting depends on calibration of the liquid scintillation counter and use of
appropriate correction factors for variation in counter efficiency and for
counting efficiency associated with sample weight. In using a whole-body
counter to estimate potassium content of biological samples at Purdue Uni-
versity, certain questions have recurred. Inasmuch as the counter (Sinco-P)
has a sample chamber 183 cm long and 51 cm in diameter, the effects of
weight and length of sample on potassium estimates have been subject to
question. A high activity short standard (45 cm long) has been used to correct
for day-to-day variation in counter efficiency. This led to questions concerning
the appropriateness of the standard and the effects of activity level on esti-
mates of potassium content.

The objectives of this experiment were to estimate the effects of length of
sample, weight of sample, and level of 4°K activity in the sample on counter
estimates of potassium content and to investigate the appropriateness of two
standards in correcting for day-to-day variation in counter efficiency.

326
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EXPERIMENTAL METHODS

Twenty-seven cylinders were constructed of plywood, canvas, and the neces-
sary screws and nails. Three lengths (60, 113, and 166 cm) were constructed
with appropriate diameters to accommodate 13.6, 40.9, and 68.2 kg of sugar
at each length. Potassium chloride was mixed with the sugar in such a manner
that, in each length and weight group, there were cylinders containing 100,
150, and 200 g of potassium. Therefore, a 3 length by 3 weight by 3 activity
level factorial arrangement of treatments was formed.

Each cylinder was counted before the sugar-KCl mixture was added, and
the effects of length and diameter were found to be nonsignificant. Average
net count of the empty cylinders was 152 counts per minute, which was ap-
proximately equal to the expected background depression. Since correction
for activity of the empty cylinder and background depression would be off-
setting corrections, these corrections were not made.

Five replicates of the experiment were conducted on S days in the sunimer
of 1966, and five additional replicates were conducted the following winter.
These two sets of five replicates each are referred to as sets 1 and 2 in the data
analyses.

The short standard was 45 cm long and contained enough potassium to
count above 90,000 counts per minute. The human dummy standard was a
cloth replica of a human body filled with a sugar-KCl mixture so that it
counted in excess of 32,000 counts per minute. These two standards provided
a drastic contrast in both geometry and level of activity for calculating potas-
sium content. The standard count appropriate for a given sample was an aver-
age of the count before and after the count of the sample. The standard count
to which all readings were corrected was an average of all counts taken during
collection of a given set of data.

Counting procedure in each replicate was as follows: (a) the short standard,
(b) the human dummy, (c) nine cylinders, (d) the human dummy, (e) the
short standard, (f) nine cylinders, (g) the human dummy, (h) the short stan-
dard, (i) nine cylinders, (j) the human dummy, and (k) the short standard.

In set 1, an efficiency value for each cylinder was calculated by means of a
ratio of counts per minute to gamma rays per minute emitted by the 4°K
known to be present. Nine efficiency curves, as a function of weight, were
calculated from set 1 data. These nine efficiency curves, each representing
one length by activity level class, were used to correct both set 1 and set 2
data for counting efficiency associated with weight.

Total potassium (grams) was calculated by the following formula:

K
(- B).—S"
197, '
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where
C = average gross sample counts per minute,
B = average background counts per minute,
K = average standard count over the entire experiment,
= standard count associated with the specific sample,
f,, = efficiency as a function of weight, and
196 = gamma rays per minute per gram of potassium.

The K/S ratio is necessary for Sinco-P because the electronics are not ad-
justed for small changes in counting efficiency. Efficiency as a function of
weight (f,,) is generally a declining exponential function. In some cases, how-
ever, f,, may be appropriately described as a quadratic or linear function of
weight. This function is described in more detail below (see Figures 1 and 4).

The data were analyzed statistically by routine analysis of variance tech-
niques.

RESULTS AND DISCUSSION

Mean grams of potassium detected for each cylinder in each set are shown in
Table 1. Analyses of variance of sets 1 and 2 data are shown in Table 2. In
these analyses, a 33 x 2 factorial model with five observations per cell was
used. Since time is often part of the experimental error involved in use of a
counter, replicates were not included in this model. Set 1 and set 2 results
were different with regard to amount of potassium detected, but were not
drastically different with regard to the relative importance of the various
sources of variance.

In both sets, the main effect of length, weight, and activity level; the two-
factor interactions between length and activity, and between weight and
activity; and the three-factor interaction involving length, weight, and activity
were all significant sources of variance affecting total grams of potassium de-
tected. In set 2, the main effect of standards and the interaction between
length and weight were also significant.

When potassium content was converted to grams of K per kilogram of
weight, the main effect of length and the effect of the three-factor interaction
involving length, weight, and activity became nonsignificant in set 1. In set 2,
this conversion resulted in the main effect of length becoming nonsignificant,
while the interaction between weight and standard and between the activity
level and standard became significant sources of variation.

In spite of these changes regarding significance, the magnitude of the various
components of variance did not differ drastically between set 1 and set 2, with
the exception of the main effect of standards. This main effect was created
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largely by an error in computation of potassium content in the set 2 data. In
set 2, the average standard value (K) used in calculating potassium content was
the same as that used in set 1. Data comparing the two standards in sets 1 and
2 are shown in Table 3. Adjustment of the estimated potassium content for

TABLE 3 Comparison of Standards in Sets 1 and 2

1tems Compared Short Standard Human Dummy
Count per minute
Set 1 91,442 33,127
Set 2 90,748 32,227
Difference 694 900
Potassium (g)
Set 1 148.39 148.40
Set 2 146.09 149.09
Adjusted set 29 145.02 145.06
Grams of K per kilogram of weight
Set 1 5.607 5.607
Set 2 5.538 5.652
Adjusted set 29 5.494 5.499

%Results in set 2 were calculated by using average standard values appropriate for set 1.
Adjustment is downward, proportionate to reduction in standard counts.

differences in standard counts between sets 1 and 2 eliminated the effect of
standards on potassium content. At the same time, however, it enlarged the
difference between sets. This difference between sets may have been the re-
sult of using, on set 2 data, the efficiency curves that were derived from
set 1 data.

Two conclusions can be drawn from this comparison:

1. Two standards different in geometry and activity level may be equally
efficient in correcting for day-to-day variation in counter efficiency over a
short time period but not equally efficient over a long time period.

2. Equations describing counting efficiency for weight should be derived
from the data most analogous to the experiment in question.

The effects of length, weight, and activity level on amount of potassium
detected and on efficiency were investigated; selected analyses of variance are
presented in Table 4. The selected variables were efficiency of potassium
detection and the two expressions of amount of potassium detected when
the short standard was used in set 1. Data from set 2 are not presented be-
cause the results were very similar to those from set 1. Data based on the
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human dummy standard also agreed closely with data based on the short
standard. Martin ez al, in their paper, “Association between Chemical

and Counter Estimates of Potassium Content” (this volume, page 341), report
a correlation of 0.999 between potassium estimates derived by use of the two
standards.

The model used in the data analyses was a randomized complete block
with a 33 factorial arrangement of treatments. Effects of length, weight, and
activity level were broken into linear and quadratic components.

The effect of replicates was statistically significant. However, the com-
ponent of variance associated with replicates was considerably smaller than
the error (cylinder x replicate) variance component.

Main effects of length, weight, and activity level on efficiency and amount
of potassium detected are shown in Figures 1, 2, and 3. The effect of length
is shown most graphically in Figure 1, where it is apparent that efficiency is

22

%

Etticlency ,
S
v

18}
18k
o‘ "'4 A L 'l
Length ,cm O 60 nus 166
Weight ,kg O 136 409 682
Activity,g¢ O 100 180 200
FIGURE 1 Changes in efficiency associated with length, weight, and activity of

cylinders.

greatest when the intermediate length (113 cm) cylinders were counted.
Since an efficiency curve to correct for variation in counting efficiency as-
sociated with sample weight was calculated for each length-activity level
class, the effect of length was negligible on total grams of potassium and
on grams of K per kilogram of weight detected by the counter (Figures 2
and 3).
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FIGURE 2 Changes in total potassium detected associated with length, weight, and
activity of cylinders.
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FIGURE 3 Changes in detected grams of K per kilogram of weight associated with
length, weight, and activity of cylinders.
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Effects of weight on efficiency should theoretically follow an exponential
function of weight. The significant linear and quadratic terms are shown
graphically in Figure 1. A downward trend with increasing weight in total
grams of potassium detected (Figure 2) is indicative of the failure of the
efficiency curves to remove completely the variation associated with weight
changes. Since grams of K per kilogram of weight is a function of both de-
tected potassium and weight, the linear and quadratic trend in Figure 3 was

not unexpected.
* Activity level exerted only a minor linear effect on efficiency, as shown in

Figure 1, with the efficiency rising with increasing level of 40K activity. An
extremely strong linear trend was noted in two variables: total grams of
potassium (Figure 2) and grams of K per kilogram of weight (Figure 3). Devia-
tion of these two variables from the known amounts of potassium present was,
however, in the opposite direction from that indicated by the efficiency values.
This reversal indicates that the efficiency curves derived for higher activity
levels underestimated the amount of potassium present and casts some doubt
on the advisability of calculating different efficiency curves for each activity
level.

The interaction between length and weight was a significant (P < 0.01)
source of variation with regard to efficiency (Figure 4). Efficiency changes
associated with weight tended to be generally parallel for the two shorter

\\
22} N
2|
20
® 19}
g s}
2
2
S v} ~
™ \\‘
.
T3S 60 cm
coe=eIl3 em
18 -, 168 CM
) 4
L , .
o 136 409 68.2
Weight , kg

FIGURE 4 Length by weight interaction on efficiency of detection of 40K activity.
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cylinders (60 and 113 cm) while the slope of the line associated with the
longest cylinders (166 cm) was definitely less pronounced than those for the
shorter ones. This interaction indicates that the efficiency curves with regard
to weight should be calculated separately for each sample length or that the
f,, component in the equation should become a function of weight and length
instead of simply a function of weight.
Interaction between length and activity level significantly (P < 0.01) af-
. fected efficiency, as shown in Figure 5. At the higher activity levels (150 and

22L
2 p

ZOF

Efficiency, %
®
L

16 bk — 100 ¢
em=e- 180 ¢
18 b -——. 200 ¢

0 '"‘ 2 1 1
o 60 n3 168
Length, cm
FIGURE 6 Lmthby.cﬂvhyhvdimxﬂononofﬂchncyofdnnﬁonof‘oK

activity.

200 g of potassium), the lines were virtually parallel when efficiency was
plotted against length. Slopes were different for both segments of the line
describing efficiency changes associated with length at 100 g of potassium.
Between 113 and 166 cm, a typical linear by linear interaction is depicted.
The situation shown in Figure S led to use of a separate efficiency curve for
weight (f,,) in each activity-length classification. Figure 6 depicts the inter-
action between length and activity level of total grams of potassium detected.
Since a separate efficiency (f,,) curve was calculated for each of the nine
length-activity classifications, there is no way of knowing how much this
interaction was due to normal variation or to what extent it was created by
the method of calculating potassium content. With regard to grams of K per
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kilogram of weight, the relationship of the various lines was almost identical

to those shown in Figure 6, except that the differences were so small they
were difficult to depict graphically.

200 r-

178 -

150 -

128 |

Potassium Detected ,

L S
o 100 180 200
Activity , gK

FIGURE 6 Length by activity level interaction on total grams of potassium detected.

Interaction between weight and activity level was a significant (P < 0.01)
source of variation in all three analyses presented in Table 4. This interaction
with regard to efficiency is shown in Figure 7. The interaction is almost
wholly due to linear by quadratic interaction. When efficiency is plotted
against weight for each activity level, each line is linear and quadratic, and the
slopes do differ. In Figure 8, the detected potassium is shown in relation to
potassium present for each weight group. Each line is essentially linear, and
the effect of weight changes the slope of the line.

Division of grams of potassium by weight to obtain grams of K per kilo-
gram changed the scale, so the interaction between weight and activity level of
a linear by linear nature would have been created even if there had been no
such interaction detected with regard to total grams of potassium. This inter-
action is shown in Figure 9.
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FIGURE 7 Waeight by activity level interaction on efficiency of detection of 40k
activity.
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FIGURE 8 Weight by activity level interaction on total potassium detected.
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FIGURE 9 Weight by ectivity level interaction on detected grams of K per kilogram
of weight.

SUMMARY

Twenty-seven cylinders containing a sugar-KC1 mixture were constructed so
that a 33 factorial arrangement of treatments was formed with three lengths
(60, 113, and 166 cm), three weights (13.6, 40.9, and 68.2 kg), and three
activity levels (100, 150, and 200 g of potassium). In addition, two standards
were used to correct for day-to-day variation in counter efficiency. Over a
short time span, the widely different standards were equally efficient in cor-
recting for time changes in machine efficiency. However, the standards did
not maintain this ability over a longer time span.

Length, weight, and activity level all affected efficiency of detection of
potassium content. The intermediate length (113 cm) was more efficient than
either extreme. The effects of weight were curvilinear and, in all probability,
followed the expected exponential curve. Increasing weight decreased ef-
ficiency of detection. The effects of activity level, though statistically signifi-
cant, were of minor importance compared with the effects of weight and
length. The interaction between length and weight indicated that the ef-
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ficiency curves should correct for effects of both weight and length on
efficiency of detection rather than for effects of weight alone.

This work was supported in part by National Institutes of Health Research
Grant AM 05551-05.

This paper is issued as Journal Paper No. 3064, Department of Animal
Sciences, Purdue University Agricultural Experiment Station, Lafayette,
Indiana.
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e SMerin - ASSOCIATION
. oo, BETWEEN CHEMICAL
Vanderbilt University AND COUNTER
w. v xessr  ESTIMATES OF
Purdue Univers®y  pOTASSIUM CONTENT

H. E. Parker
Purdue University

Liquid scintillation counting and flame photometry have been compared by
Kirton and Pearson as methods of measuring potassium content of pork and
lamb.? Using 10 lambs averaging 40 kg of live weight, they measured grams of
potassium per kilogram of separable fat and of separable lean by “°K and flame
photometry methods. Separable lean averaged 3.16 and 2.98 g of potassium
per kg, respectively, by flame photometry and “°K methods; the corresponding
values for separable fat were 0.82 and 0.70 g per kg. Correlations between
flame photometry and °K results were 0.40 and 0.52 in separable fat and
separable lean, respectively. They also reported results obtained on 20 ground
pork samples and 15 ground lamb samples, each weighing 17.3 kg.2 Correla-
tions between the methods were 0.98 and 0.94, respectively, for the pork and
lamb samples. Potassium content of the pork samples was 0.245 and 0.244%,
respectively, by flame photometry and “°K methods; corresponding values for
the lamb samples were 0.244 and 0.256%. Relationship between the two
estimates was much higher on the more homogeneous and heavier ground
samples than on the separable fat and lean samples.

The objective of this experiment was to investigate further the association
between chemical and counter estimates of potassium content.

341
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EXPERIMENTAL METHODS

Two sets of samples were used in this investigation. The first set of samples
was the carcass, separable lean, separable fat and bone samples of 46 barrow
pigs described by Martin et al in their paper (this volume, page 326). There
were 12 pigs in each of the 23-, 46-, and 68-kg live weight groups and 10 pigs
in the 91-kg group. Two breeds were equally represented in each group. The
second set of samples was 27 cylinders containing mixtures of KC1 and sugar
ranging from 13.6 to 68.2 kg in weight and from 100 to 200 g in total potassium
content. There were three lengths in each weight-activity class. The cylinders
are described in more detail by Martin et al (this volume, page 326).

All samples were subjected to chemical analysis for potassium by use of a
Perkin-Elmer 214 atomic absorption spectrophotometer equipped with a chart
recorder. At least three determinations were made on all muscle, fat, bone,
and sugar-KCl mixture samples. A value deviating from the sample mean by
more than three standard deviations, based on the average within sample varia-
tion, was not included in the average. Mean values for each sample were calcu-
lated and used in later analyses.

Muscle, fat, and bone samples used for analysis weighed approximately 2.0,
4.0, and 2.0 g, respectively. These samples were dried overnight in a vacuum
oven at 70° C., and the dried samples were extracted with petroleum ether on
a Goldfisch extraction apparatus for 3 hr to remove most of the ether extract-
able material present. The extracted sample was digested in 5 ml of concen-
trated nitric acid until it was clear, and it was then diluted to 100 ml. Three
milliliters of this solution was transferred to a 25-ml volumetric flask, and a
nitric acid-sodium solution and distilled water were added to bring the volume
to 25 ml, the normality to 0.1 N, and the sodium concentration to 1,000 ppm.
The sugar-KCl mixtures were prepared by weighing approximately 15 g of the
mixture, dissolving this quantity of solid material in water, and bringing the
volume to 100 ml. An aliquot of this solution was digested in 5 ml of concen-
trated nitric acid and subjected to the procedure described above.

Each sample was read for 30 sec on the atomic absorption spectrophotom-
eter at a wavelength of 7,664 A and a slitwidth of 500 u. Distilled water was
used between samples to establish a base line, and a set of KCl standards con-
taining 1.0 to 10.0 ppm of potassium and 1,000 ppm of sodium in nitric acid
(0.1 N) was used to establish a standard curve for each group of samples. The
parts per million reading, the sample weight, and the dilution factor were used
to calculate grams of potassium per kilogram of sample weight.

The total mass of carcass, separable muscle, separable fat, separable bone,
and the sugar-KCl cylinders were each counted two or more times in the large-
volume liquid scintillation counter (Sinco-P) described by Christian et al. !
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Sinco-P had been modified to a 4-pi counter prior to use in this study. A count
of a sample consisted of four 1-min counts of the sample preceded and fol-
lowed by two 1-min background counts. Each sample count was corrected

for background, background depression, variation in counter efficiency, and
counting efficiency for sample weight to obtain disintegrations per minute.
Two standards (the short standard and the human dummy) were used to cor-
rect for variation in counter efficiency, resulting in two counter estimates of
potassium content. The two standards have been described in more detail by
Martin et al. (this volume, page 326). Disintegrations per minute were con-
verted to total grams of potassium and grams of potassium per kilogram of
weight. Mean values for each sample were calculated and used in later analyses.

The efficiency curve for weight of the muscle, fat, and bone samples was
derived by counting sugar-KCl mixtures (8.82 g of potassium per kg of sugar)
in plastic bags at weights ranging from 2.3 to 45.4 kg. The efficiency curve for
carcasses was the same as that used for live pigs and was derived from *2K-dilu-
tion studies based on 15 pigs ranging from 21.8 to 92.5 kg of weight. Nine
efficiency curves (one for each length and activity level classification) were
used for the sugar-KCl cylinders. Since the mixture in each cylinder contained
a known amount of potassium (100, 150, or 200 g), the curves derived were
much more directly applicable than were those used for carcass, muscle, fat,
and bone samples.

The chemical estimate of potassium content of the carcass was obtained by
mathematically reconstructing the carcass from potassium contents and weights
of muscle, fat, and bone samples. The data were analyzed statistically by
routine correlation-regression and analysis of variance techniques.

RESULTS AND DISCUSSION

Mean grams of potassium in the carcass, muscle, fat, and bone for each weight
group of pigs, as estimated chemically and by whole-body counting, are shown
in Table 1. Only carcass means showed a significant difference between chemi-
cally estimated and counter-estimated potassium. The two methods gave highly
significant differences in carcass potassium content of the 23- and 46-kg groups,
a significant difference at the 68-kg weight, and no significant difference at the
91-kg weight. In all four weight groups, the chemically estimated potassium
content of the carcass was lower than the counter-estimated potassium content.
Potassium content of the tibia and femur was determined chemically and
used as an estimate of skeletal potassium. Since the leg bones are an early
developing part of the skeleton, skeletal potassium may have been under-
estimated. The decreasing differences between potassium content of carcass
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as determined by the two methods noted with weight increase may be be-
cause, as the pig increases in weight, the proportion of bone in the carcass
decreases and the percentage of carcass potassium in the bones decreases. It
may also be due to the increased accuracy of the counting method associated
with increased weight.

The general lack of differences between the mean grams of potassium
found by the two methods would suggest that whole-body counting can be
used to determine accurately the mean potassium content of groups of pigs.

As shown in Table 2, correlations between grams of potassium in carcass and
muscle, as estimated by the two methods, were high when calculated over the
entire weight range, with the correlations being 0.97 and 0.98 for carcass and
muscle, respectively. However, when calculated within breed and weight groups,
correlations between methods were lower. The correlations vary widely between
weight groups, generally being highest in the 68- and 91-kg groups, especially
for muscle and carcass. Muscle samples in particular showed high pooled,
within-breed correlations in these heavier (and older) groups, being 0.93 and
0.91 in the 68- and 91-kg groups, respectively. For fat and bone samples, total
and pooled correlations were not high enough to be of practical value. This
may have been due to the small amounts of potassium present in these compo-
nents and consequent low count rates and a low degree of counting accuracy.

When grams of potassium per kilogram of component was used, total corre-
lation between the two methods was high (0.92) for the carcass. The pooled
correlation for the carcass was 0.58. As estimated by the two methods, grams
of potassium per kilogram of component yielded total correlations of 0.42 and
0.55 and pooled correlations of 0.42 and 0.05 for muscle and fat components,
respectively. This agreed closely with the correlation of 0.52 between *°K and
flame photometry methods for separable lean but not with the correlation of
0.40 for separable fat of 10 lambs reported by Kirton and Pearson.? Again,
correlations in muscle were highest in the 68- and 91-kg groups, being 0.74 and
0.73, respectively.

It would appear that fair-sized differences in potassium content, such as
those occurring between the weight groups, can be detected by whole-body
counting, but that small differences, such as those occurring between individual
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