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CHAPTER 1

PROTEINS IN NUTRITION

1.1 Introduction

Poor nutrition is responsible for a large share of the total
mortality in the world, choosing most of its victims among children
under five years of age. Indeed, for some of the technically under-
developed areas of the world, it has been estimated that 25-30% of the
children born never reach the age of five years (Scrimshaw and Béhar,
1959, 1961). It has been suggested that most of these deaths, espe-
cially in the 1-U4 year age group, are due principally to poor nutrition
(Gémez, et al. 1958; Hundley, 1959, Guzmén, et al., 1961).

Fortunately, the problem of poor human nutrition has been recog-
nized as a public health hazard and attention is being given to its
solution (Sebrell and Hand, 1957; Perez, 1959). Progress has been made
in demonstrating that certain diseases can be cured through the admin-
istration of proper diets. For example, "kwashiorkor", now recognized
as a severe type of protein deficiency which occurs characteristically
in underprivileged population groups amongst children aged 1-4 years,
responds readily to treatment with milk or other sultable proteins
(Brock and Autret, 1952; Béhar, et al., 1958). To emphasize the prac-
tical importance of protein in the general diets consumed in most tech-
nically underdeveloped areas, it should be mentioned that "kwashiorkor"
and other forms of protein deficiency are primsrily responsible for the
high child mortality mentioned earlier (Scrimshaw and Béhar, 1959;

1961).



Although protein can be a limiting factor in a diet.in terms of
either quantity or quality, generally it is found limiting in both
respects, and an actual deficiency is often conditioned by the relative
amounts of other nutrients present in the diet. Thus, the quantitative
end qualitative aspects of a diet interact in such a manner that it is
not always possible to correct a condlitional qualitative deficiency by
increasing the quantity of protein in the diet.

The investigation of the fundamental parameters of protein
utilization should be useful in devising better ways for deriving in
practice the maximum benefits possible from the avgilable protein sup-
plies. Additionally, this information should facilitate the search for
cheaper sources of protein and/or the formulation of combinations of
different foods which can have a greater food value than any of its

components through proper complementation of their nutritive elements.

1.2 Chemistry and General Metabolism of Proteins

Proteins occupy a very important place in both the structural and
the dynamic aspects of all living matter. DNearly half of the dry matter
of adult man is protein, and next to water this is the most abundant
material in the animal body. About one third of the protein is in mus-
cle, one fifth in bone and cartilage, one tenth in the skin; the rest is
found in other tissues and body fluids, with the exception of bile and
urine which do not normally contain protein. Proteins are also very
specific in many of their functions in the body and cannot be replaced

by other substances in their basic role in metabolism.
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l.2.]l Historical. Recognition of the importance of the proteins

in the biological functions occurred during the first half of the nine-
teenth century. Many investigators had noted that substances like egg
white, blood serum and milk curd had many characteristiecs in common,
such as their coagulation by treatment with heat; or by treatment with
strong acids or alkalies. As the analytical methods improved, it was
discovered that all these substances contained nitrogen, and this prop-
erty soon was considered a distinctive characteristic of the group of
compounds under study.

The first systematic investigation of these substances was under-
taken in the third decade of the nineteenth century by Gerardus Johannes
Mulder who examined such biological materiels as silk, blood fibrin, egg
white and gelatin. ZEarly in his studies Mulder reaslized the signifi-
cance of this group of nitrogen containing compounds stating:

". « oIt 15 without a doubt the most important of the

known components of living matter, and it would appear that,

without it, 1life would not be possible.”" (Translation from

German cited by Fruton and Simmonds, p. 15, 1959.)

The fundamental value of these materials led Mulder (1839) to give the
name of "protein" (from the Greek proteios, of the first rank) to what
he apparently believed to be a characteristic chemical radical (Vickery
and Osborne, 1928). Later Liebig introduced such nonspecific terms as
"albuminoids", "proteids", or "protein bodies" to describe these com-~
pounds. The generic term "proteins” as presently used to describe a

particular class of substances, did not come into common usage until

the first decade of the present century (Fruton and Simmonds, 1959).



Early in the nineteenth century, Francois Magendie (1816) demon-
strated that the nitrogen present in the body was derived from the
nitrogen compounds present in the food. Later, Magendie (1841) ob-
tained the first evidence which indicated that not all proteins have
the same nutritional value, demonstrating that gelatin could not take
the place of meat in the diet. Boussingault (1836) suggested that the
nutritive value of foods of plant origin depends upon their nitrogen
content and postulated that the nutritional potency of a food is pro-
portional to its nitrogen content. Unfortunately, this postulate dom-
inated the thinking of the leading investigators of the time for the
remainder of the century, and consequently the interesting question
posed by Magendie in 1841 was not investigated again until 1897, when
Rubner recognized that proteins of different origin did not have the
same value in nutrition (Block and Mitchell, 19k6).

By this time it had been clearly established that proteins were
made up of smaller units, the amino acids, and as early as 1876, Escher
had demonstrated that the nutritive value of gelatin, as determined in
dogs, could be improved by the addition of the amino acid tyrosine; by
1905 it had been shown that tryptophan and cystine were also necessary
for the satisfactory nutrition of dogs fed a basal diet of gelatin
(Maynard, 1951). Two years later, Thomas B. Osborne (1907) suggests
for the first time that the relative proportions of the amino acids in
the protein may determine its nutritional value.

These preliminary findings were followed by a series of brilliant

protein nutrition studies initiated by Karl Thomas and followed by
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Thomas B. Osborne, Lafayette B. Mendel and H. H. Mitchell which opened
new horizons for the investigation of the nutritional values of foods,
laying the foundations for the modern concept of the role of proteins
in nutrition (Thomas, 1909; Osborne and Mendel, 1917; Osborne, et al.,
1919; Mitchell, 1923-24 a, b, ¢). Of special interest is the work of
W. C. Rose which resulted in the classification of amino acids as
essential or nonessential, according to whether they can or cannot be
synthetized by the organism, leading subsequently to the establishment
of quantitative requirements for the essential amino acids (Rose, 1937;
1938). All this work has led to the formulation of the modern theory
of an amino acid balance or unbalance in the composition of a given
protein and its effect upon the nutritive value of this protein
(Elvehjem and Krehl, 1955; Flodin, 1957; Harper, 1958). The known re-
quirements for different animal species, including man, are listed in
Table 1.1, and the essential emino acid pattern of the FAO reference
protein is given in Table 1.2.

1.2.2 Structure and Basic Properties. Like carbohydrates and

fats, proteins contain carbon, hydrogen and oxygen; in addition, they
contain nitrogen in a fairly constant percentage (15-18%). Most of the
proteins also contain sulphur and a few contaln phosphorus. These basic
elements are combined to form complex molecules of different forms per-
mitting a gross classification of the proteins into various groups.

For the purpose of this review it is sufficient to indicate that pro-
teins can occur as simple proteins, conjugated proteins or derived pro-

teins. Simple proteins are made up of amino acids exclusively, while
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Table 1l.1l. Approximate requirements of essential amino acids when all
other emino acids are present in adequate amounts. Calcu-
lated as per cent of diet (Block, 1956)

Approximate Rat Pig Dog  Human Chicken Turkey
protein level young adult young adult adult young adult young adult
% 20 10 13 6.5 107 20 15 2L 28
Arginine 0.2 07 0.3 0.h4 0 1.2 1.k 1.6
Histidine 0.4 0.1 0.4k 0.1 0? 0.3
Lysine 1.0 0.2 1.1 0.5 0.6 0.9 0.5 1.3 1.5

Tryptophan® 0.2 0.1 0.2 0.1 0.2 0.2 0.15 0.22 0.26

P-Alanine” 0.9 0.2 0.7 0.6 0.9 0.9

Cys + Met 0.8 0.3 0.8 0.5 0.9 0.5 0.3 0.8 0.9
Threonine 0.5 0.3 0.6 0.5 0.k 0.6
Leucine 0.8 0.3 1.2 0.8 0.9 1.k 1.0

Isoleucine 0.5 0.5 0.6 0.5 0.6 0.6 0.5 0.7 0.8
Valine 0.7 0.4 0.6 0.7 0.6 0.8

Glycine™ 0 0 0 1.5 0.9 1.0

SNumerical values for tryptophan, phenylalanine, methionine and
glycine may have to be modified due to failure of the Iinvestigators to
take account of niacin, tyrosine, cystine and serine in the experimental
diets.
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Table 1l.2.. Essential amino acids in provisional pattern and milk and
egg proteins (FAO, 1957)

Provisional Cow's Human

Amino acids pattern milk milk 088
.. grams amino acid per 100 grems protein ..
Isoleucine L.2 6.4 6.4 6.8
Leucine 4.8 9.9 8.9 9.0
Lysine 4.2 7.8 6.3 6.3
Phenylalanine 2.8 4.9 4.6 6.0
Tyrosine 2.8 5.1 5.5 L. L
Sulfur containing:
Total L.2 3.3 4.3 5.4
Methionine 2.2 2.4 2.2 3.1
Threonine 2.8 4.6 k.6 5.0
Tryptophan 1.k 1.4 1.6 1.7
Valine L.2 6.9 6.6 Tk

.. miligrams amino acid per gram nitrogen ..

Isoleucine 270 Lo7 b1l L28
Leucine 306 630 572 565
Lysine 270 496 402 396
Phenylalanine 180 311 297 368
Tyrosine 180 323 355 274
Sulfur containing:

Total 270 211 27h 342

Methionine 144 154 140 196
Threonine 180 292 290 310
Tryptophan 90 90 106 106

Valine 270 440 L20 460



conjugated proteins are combined with a nonprotein radical; derived
proteins, as suggested by the name, include compounds which represent
altered or degraded products of naturally occurring proteins through
the action of enzymes, heat or chemical agents.

The amino acids, the basic units in the protein structure, are
Joined together through a special type of chemical bond, known as the

peptide linkege (~NH-C=0), which occurs as illustrated below:

R-NEE HOIOC ——> R-NE-C=0

| L | |

COOH R - NHé COCH R - NHé

It is assumed that the proteins found in nature are built from their
basic amino acids through a series of peptide linkages, but the exact
process involved in their synthesis is not known (Flodin, 1957; Downes,
1955). In the case of plants and some of the lower forms, including
yeasts and bacteria, nitrates and ammonium salts can be used as the raw
materials for protein synthesis. In the case of most animals, however,
the essential amino acids necessary for the synthesis of a given pro-
tein must be furnished preformed and be present simultaneously at the
site of synthesis (Fruton and Simmonds, 1959). Ruminants are an excep-
tion because through their rumen bacteria they are able to utilize to
some extent ures and nitrates in fulfilling their protein requirements
(Fingerling, 1937; Reid, 1953). Nonessential amino acids can be syn-
thesized in the body from other compounds present in the food or from
products of intermediary metabolism (Rose, 1937; 1938).

Since the proteins contain free emino and free carboxyl groups

they can combine chemically with either bases or aclids. The tendencles
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to acidic and basic dissociation are equalized at a particular hydrogen

ion concentration, the isoelectric point, which is unique for each pro-
tein; at this point the protein can be most easily precipitated by salt
solutions or by the addition of alcohol. Proteins in solution have
colloidal properties, and in addition some authors believe that pro-
teins can bind ions, both physically by adsorption and by uniting with
them chemically. The solubility of proteins in aqueous solutions is
variable, and they are all insoluble in the common fat solvents. Pro-
teins can be preciplitated from solution by a wide variety of substances.
The salts of heavy metals and strong mineral aclds are good precipi-
tants, while falrly large quantities of various neutral salts are
necessary to produce precipitation. The coagulation of proteins prob-
ably involves dehydration, and is brought sbout by enzymes (Downes,
1955; Fruton and Simmonds, 1959; Maynard, 1951).

The preceding remarks should make it clear that proteins are far
from being stable and inert compounds, but on the contrary, they are
quite labile. As a result, their nutritive value can easily be altered
by physical or chemical agents. There is ample evidence that heat can
enhance the nutritive value of certain proteins (Almquist and Merritt,
1952) while it may jeopardize the value of others (Murlin et al., 1938;
Mitchell and Block, 1946). Finally, storage and processing may often
result in a net loss in nutritive value (Mitchell et al., 1945).

1l.2.3 General Metabolism. Ingested proteins pass to the stomach,

ree

where they are mixed with the appropriate enzymes, and hydrolysis into

component amino acids is initiated. Although some gbsorption of amino
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acids may take place at this level, most of it occurs in the small in-
testine, where the hydrolytic degradation of proteins into component
amino acids is completed. Not all the nitrogen that is absorbed is in
the form of individual amino acids, for some of the simpler peptides
which result from incomplete hydrolysis, can be absorbed through the
intestinal wall (Guyton, 1956; Crampton and Lloyd, 1959). Depending
on digestibility factors, a residue containing variable amounts of un-
digested food proteins is pessed in the feces. The feces contain also
a certaln portion of nitrogenous substances derived from secretions
necessary for the digestive process. Additionally, there is in the
feces some nit;ogen contributed by the natural wear and tear of the
intestinal walls, and a small amount contributed by the normsal intes-
tinal flora (Mitchell, 1923-2La). It should be clear that the nitrogen
in the feces does not constitute Just a residue of dietary nitrogen,
but that it constitutes a mixture of dietary nitrogen and that which is
generally called "metabolic" nitrogen. Schneider (1935) has pointed
out that the metabolic nitrogen in the feces of rats and pigs can be
divided in two fractions: a digestive fraction which varies directly
with the amount of food dry matter consumed, and a constant fraction
which is probably of true excretory origin. The latter fraction, at
least in rats, seems to be related to body size, and more so to body
surface; in a sense this fraction could be called the endogenous nitro-
gen of the feces. However, in the case of the human Schneider (1935)
points out, there is no constant fraction in the fecal metsbolic nitro-

gen. Some authors believe that the degradation of the enzyme proteins
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and other secretions will tend to maintain an emino acid mixture of

constant composition in the gastro intestinal tract regardless of the

type of diet consumed, and consequently, it is assumed that the amino
acid balance in the food is not eritical for sbsorption (Block, 1956;
Flodin, 1957).

The ebsorbed nitrogenous products, enter the organism via the
portal circulation, pass to the liver where they participate actively
in anabolic and cataebolic reactions, undergoing oxidation, deamination,
transamination, decarboxylation and all the typical reactions of the
intermediary metabolism of proteins. In the case of mammals, including
the-human, the principal product of excretion as the terminal product
of nitrogen metabolism is urea, but some waste nitrogen is also passed
in the urine as ammonia, uric acid, creatinine, and free amino acids.
Under pathological conditions other products may be present, or the
relative amounts of one or more of the compounds listed may be excreted
in abnormally high proportions (Fruton and Simmonds, 1959; Guyton,
1956).

Early in the study of protein metsabolism, Folin (1905) noticed
that there were certain end products (e.g., creatinine) that were ex-
creted in the urine in fairly constant eamounts, while others tended to
be related to the amount of protein in the diet. Thils observation led
him to formulate the theory of two forms of protein catabolism, a vari-
able one which he called "exogenous catabolism”" and a constant one which
he denominated "endogenous catabolism". The two mechanisms were con-

sidered to be independent, and were defined separately. The "exogenous
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catabolism”" was thought to reflect the level of protain in the diet,

and hence its varisble nature. The "endogenous catebolism” was thought
to reflect those catabolic processes which are the basic functions of a
living cell. Accordingly, the latter was thought to be constant, and
dependent on such factors as the size of the individual and the corre-
sponding metabolic activity. This was lnterpreted to mean that once
the proteins were incorporated into a tissue, they simply grew old and
were then replaced, but could not be used for the synthesis of other
tissues (Block, 1956).

With the advent of radiocactive isotopes, it was possible to
demonstrate the dynamic state of body proteins. Employing this tech-
nique, and using {(-)-Leucine containing two isotopes, Schoenheimer,
Retner and Rittenberg (1939) found that less than one third of the
absorbed nitrogen appeared in the urine, 5T7% had served for replacing
body proteins, and a small amount was present in the non-protein frac-
tion. Different body proteins revealed different activities with re-
spect to their acceptance of the labeled leucine. Amino acid samples
isolated from different body proteins indicated that different chemical
processes take place continuously in the body proteins, for at least
32% of the dietary leucine had found its way to replacing 24% of the
liver leucine and T% of the carcass leucine. Isotopic nitrogen was
found in all the amino acids with the exception only of lysine, and
only one third of the N2 was deposited together with the carbon chain.
All this evidence suggests an extensive and continuous shifting which

occurs even under nitrogen balance conditions, and the existence of
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vhat the authors called an "amino acid pool”. Thus the sharp distinc-
tion between "endogenous" and "exogenous" nitrogen in the sense proposed
by Folin (1905), is no longer valid, but it remains open to question if
the dynamic state of the body proteins changes in any manner the end
result of catsbolism (Mitchell, 1955). As Mitchell (1943) points out,

"there 1s nothing in Schoenheimer's work that denies the

existence of a constant type of catabolism of nitrogen-

contaeining compounds in the tissue.”

The concentration of essentiel amino acids in the blood is sur-
prisingly constant, even efter trauma or periods of poor nutrition
(Flodin, 1957). The amino acid pattern in the radial circulation, how-
ever, is quite different from the pattern in the portal vein, but just
the same, there is good correlation between the blood amino acids and
the amino acid content of the food. Amino acids are present in tissue
cells at a greater concentration than in the extracellular plasma. The
rate of accumulation within the cell depends on the rate of anabolic
activity within the cell; the greater this activity within the cell,
the faster the rate of accumulation of amino acids within the cell.
These observations suggest active transport of amino acids involving a
carrier of limited capacity, probably a pyridoxal derivative (Flodin,
1957). Because of the low capacity of the carrier, there is likely to
be competition of amino acids, and Flodin (1957) suggests that it is at
this metabolic level where the balance of amino acids seems to be crit-
ical.

Protein synthesis is a function of ribonucleic acid-rich cell frac-

tions, such as the microsomes. Incorporation of amino acids requires
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magnesium ions, ATP, an ATP precursor, and a buffer, but there is no
competition among amino acids for incorporation into the body proteins.
It has been shown that this incorporation involves true protein syn-
thesis, and an enzymatic mechanism involving carboxyl activation has
been proposed (Flodin, 1957).

A disgramatic summary of the salient features of protein metabolism
discussed in this section is presented in Figure 1.l.

1.2.4 Proteins as Foods. The special place of proteins in the

diet has been recognlzed for over a century, but many of the intrica-
cles of their multiple functions in the organism remain to be clari-
fied.

Proteins must be furnished by food. They are irreplaceable for
many vital functions, and for the biological synthesis of these pro-
teins to occur, in most animal species, all the necessary basic units,
the amino acids, must be present simultaneously at the site of synthe-
sis (Fruton and Simmonds, 1959). About one third of the amino acids of
which proteins are composed are said to be essential (Table 1.1), that
is, they must be supplied in the food, for they either cannot be syn-
thesized by the organism, or if they can be synthesized, this does not
occur at a sufficiently rapid rate to meet the metabolic demands of the
living system (Rose, 1937; 1938).

Foods are often classified as "energy foods", "body building foods"
or "protective foods". Proteins are principally "body building foods",
but they may serve as "energy foods" if necessary, illustrating once

again the importance of interaction among dietary components. It is
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also becoming increasingly evident that proteins may have some "pro-
tective" functions. Studies on the relation of nutrition and infection
indicate that nitrogen utilization may be markedly affected even prior
to the onset of the clinical manifestations of common infections
(Scrimshaw, et 8l., 1959; Gandra and Scrimshaw, 1961; Wilson, et al.,
1961).

In general terms, however, the utilization of proteins as foods
seems to follow common patterns among different species. Thus, the
protein requirements for growth for the rat, chick and pig are similar,
and the biological value of egg albumin, whole egg, beef muscle, wheat
gluten, casein and peanut flour as determined in growing rats and
mature humsns, are also very similar (Mitchell, 1954; 1959). In this
connection, the Committee on Amino Acids of the National Research
Council of the United States (1959) offered the following comment:

"Although different criteria have been used in both the
experimental design and the evaluation of the data, two strik-

ing findings result: a) the proportions of amino acids required

are similar in all species, and b) the requirements for the in-

dispensable amino acids are surprisingly low. This uniformity

in the pattern of amino acids required is interpreted to be a

reflection of the similarities in the amino acid composition of

the tissues of different species."

In order to achieve g better understanding of the role of proteins
as foods, the methods and procedures employed in establishing protein
values should be examined closely, and the nature and properties of the
mathematical models used for estimation studied. In the next chapter

the standard procedures employed in the assessment of protein values

are discussed.
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CHAPTER II

METHODS FOR THE NUTRITIONAL EVALUATION OF PROTEINS

2.1 Introduction

From the discussion in the preceding chapter, it should be evident
that the primery function of proteins in the diet is to furnish the
organiesm with amino acids for the synthesis of tissue proteins. The
relative adequacy of a given protein in making the required amino acid
pattern available to the organism will determine the magnitude of ob-
serveble biological responses (Osborne and Mendel, 1917; Mitchell,
1923-24a; Allison, 1953). Accordingly, practically all the methods con-
cerned with the evaluation of proteins as foods, are directly or in-
directly concerned with the appraisal of the relative efficiency of
different proteins in satisfying requirements (Osborne, et al., 1919;
Mitchell, 1923-24a; Allison, 1955; 1957; Barnes and Bosshardt, 1946;
Murlin, gg;gl., 1938).

In general, most of the methods currently employed in the evalua-
tion of proteins are concerned with the comparison of biological re-
sponses obtained under carefully controlled experimental conditions.
There are, however, multiple choices of either single responses or com-
binations of these which can be studied. The usefulness of any partic-
ular method employed for the assessment of protein values depends rather
critically on the success in insuring that under the experimental condi-

tions employed, protein is the only limiting factor for the response(s)

chosen for study.
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2.2 Biological Evaluation of Proteins--Basic Procedures
In the biological assessment of protein values two basic proce-
dures are commonly appllied. The first to be considered in this section
utilizes "growth"l as the observable response, while the second basic
method mekes use of nitrogen balances in metabolic trials.

2.2.1 Efficlency Ratios. In early attempts for establishing the

nutritional value of different proteins, Osborne and Mendel (1917) used
ordinary graphs of the course of growth with time. Under ordinary nor-
mal conditions, growth should occur in a balanced fashion and for the
total organism it should be the sum of the growth of its parts
(Thompson, 1942). In this sense it should be possible to relate any
megsure of partial growth to total growth since it is reasonable to
assume that these would differ in emounts specified by appropriate pro-
portionality constants. Accordingly, it is possible to utilize dif-
ferent criteris for estimating growth. Two criterie commonly employed
for this purpose are the simple measurements of height and weight; of
these, and particularly in animal experiments, weight is the most common-
ly employed single measurement for the estimation of growth (Maynard,
1951).

In the early experiments of Osborne and Mendel (1917), sequential
weight measurements of the experimental animals were used for the con-
struction of the graphs of the course of growth with time. In these

experiments, the test animals (rats) were fed standardized diets which

LiGrowth" 1s used in & general sense to refer to the different ways
in which an organism may increase its size.
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presumsebly differed only in their sources of protein; under the experi-
mental conditions it was expected that the qualitative differences of
the proteins under study would be reflected in the observed differences
in totel growth or in the patterns of growth as estimated through the
welght measurements.

Although the welight method permitted a c¢rude separation of proteins
of widely differing qualities, it soon became apparent that it did not
permit critical discrimination. The uniform and orderly fashlon in
which growth proceeds on an average basis, was not always attainable
with the relatively small size of the experimental groups which had to
be utilized. Additionally, other factors, such as the level at which
the proteins were fed, seemed to influence the results, magnifying or
minimizing the differences observed in the response chosen for study.

Based on the experience gained in the course of these experiments,
Osborne, Mendel and Ferry (1919) proposed that a more critical and accu-
rate discrimination of proteins could be possible if the response ob-
served, weight gain in a period of time, were to be expressed on the
basis of the protein consumed in that period of time. In proposing this
approach, the authors showed that the variation apparent in the absolute
weight gains was greatly reduced when expressed in the form suggested
(Osborne, et al., 1919). The index proposed by Osborne and Mendel for
the evaluation of the biological value of proteins, is currently known as
the "Protein Efficiency Ratio” (PER), and constitutes an expression of
the weight gain obtained per unit of protein fed. Clearly its appli-

cation is not necessarily restricted to weight gain, and may be used
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when response criteria other than weight are considered. Alternatively,
the reciprocal of the proposed index, which constitutes an expression
of the amount of protein consumed per unit change in response, may be
employed. Symbolically these two quantities can be expressed as fol-

lows:
W 1 P
PER = —ﬁﬁ— » or (PER) ™ =—— ,

c g

(2.1)

where Wé is the observed response, and Pc is the total protein consumed
in a fixed period of time.

In practice, the utilization and interpretation of protein effi-
ciency ratios, or its reciprocals, should be conditioned by the follow-
ing considerations:

1. The comparison of proteins for their growth promoting effect
is real only when the concentration of the protein under
investigation is the only variable.

2. The food intake is regulated in large part by the caloric re-
guirements of the animal, and these in turn depend on body
size. This implies that the food intake increases with growth
and that animals growing at different rates consume unequal
amounts of food.

3. Individual differences exist even under the same conditions.
To minimize the effect of these, the animals used in testing
should be balanced at the start of any trial for initial weight
as well as any other characteristics which are known sources

of variability.
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k. Several experiments covering & range of protein concentrations
are necessary to establish the maximum growth promoting value
of a given protein.
The considerations listed are, according to Osborne, Mendel and Ferry
(1919), a sine que non for the application of protein efficiency ratios
in the evaluation of proteins.
Although properly derived protein efficlency ratios should be use-
ful at least for initial screening of proteins, the possibilities of
this method have not been fully exploited in common practice. At pres-

ent, protein efficiency ratios are determined under ad-libitum feeding

regimens and using a single protein concentration, usually 10% of the
diet. Food consumption 1s commonly measured on a group basis, and no
estimate of experimental error is provided with the estimates of the
protein efficiency. The length of the experimental period is variable
and dependg on the animal species used for the trials; using rats, how-
ever, these experiments usually last from 30 to 40 days. Using mice as
the experimental animal, Bosshardt and associates (1946) have shown that
the length of time required for these experiments can be reduced to 10
days without a serious loss of information, so that the method could be
prrofitably employed as a rapid preliminary screening technique.

The measurement of food consumption and weight gain on an indi-~
vidual basis is not difficult, and when both the food consumption and
the weight galn are measured on an individual basis, estimates of ex-
perimental error are available for each of the two components involved

in the calculation of the protein efficiency ratio. From these estimates
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in the calculation of the protein efficiency ratio. From these estimates
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a first order approximation of error for the efficiency ratio can be
obtained by squaring the total differential of the functional form for
the protein efficiency ratio given in equation (2.1) and teking expec-
tations. Using this procedure, the variance for the protein efficiency
ratio is given by:

2

W oW
V(PER) = 12 V(W) + —£&—v(p,) - % Cov(W_, P,), (2.2)
P, P, P

vhich may be more conveniently written as:

W
Pc g C g c

1 2 2 2 ‘
V(Q) - 2 |:0- + Q a P = 2QpUW O-P 3 (2'3)
where Q is the estimate of the protein efficiency ratio and p is the
correlation coefficient for weight gain and protein consumed. Using
this estimate of variance, and assuming Q is normally distributed con-

fidence intervals for the efficiency ratio can be found in the usual

way:

Qe \/v(a) (2.4)

where t, is the appropriate "student t" statistic.

An approximate expression for the variance of the reciprocal of
the efficiency ratio can be obtained using the procedure outlined; the
result is given by interchanging Wé for Pc and vice versa 1n equation
(2.2). Confidence intervals for the reciprocal can then be found using

the appropriate form of equation (2.4).
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The procedure outlined for estimating variances is particularly
useful for the researcher with experience in biologlcal trials, for he
can draw from previous experiments to stipulate reasonable guesses for
the varliance in weight gain and protein consumed under a given set of
circumstances. From these values then, reasonable estimates for the
variance of an efficiency ratio can be derived for different values of
p, when as often happens, this is not provided with the results. This
approach can be especially useful in the planning of new experiments.
Tukey (n.d., 1958?; n.d., 1960?) has recently studied the properties
and general reliability of this approximate procedure for the estima-
tion of variances concluding that in most instances 1t gives satisfac-
tory approximetions for the purposes at hand.

When the protein consumption is fixed, the second and third terms
in equation (2.2) vanish, and as would be expected, the estimate of

variance for the efficiency ratio under this restriction is given by:
2
v(Q) = 1/p,~| V(W ) (2.5)

In general, the correlation between the weight gains and the protein

consumed can be expected to be positive within the boundaries commonly

used in the actual experiments. When there is perfect correlation be-

tween the gains observed and the protein consumed, then all Wé = QPc

and o=, = Q?UEP ; in this situation V(Q) = 0, as would be expected.
c

g

The variance of Q is a maximum when there is no correlation between the
geins and the protein consumed. In practice the correlation between
gains and the protein consumed ls generally high so that the variance

of the efficlency ratio should be small and sensitive comparisons possible.
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Although the discussion in this section 1s concerned specifically
with the protein efficiency ratio as proposed by Osborne, Mendel and

Ferry (1919), it will be seen later that it also applies in the case of

other ratio estimates for the relative efficiency of proteins as foods.

2.2.2 Nitrogen Balance. The basic concept of balance studies in

blology is no different from the idea of balance in other disciplines,
and it is concerned with the establishment of net gains or losses in
the utilization of the materials needed by the organism. Although re-
ports in the literature date to the seventeenth century the first indi-
cations of the use of this method in biological research (Meynard,
1951), the first real biological balance experiment probsbly was car-
ried out by Boussingault (1838) in the latter part of the first half of
the nineteenth century:! In nutrition this method has proved extremely
valuable and has been extensively used for the study of the metabolic
pathways ahd the establishment of requirements for many of the known
nutrients (Monroe, 1949; Crampton and Lloyd, 1959). In this respect,
the metabolism of protein, and consequently that of nitrogen, is no ex-
ception. Nitrogen is constantly lost from the body and taken in as
food; the determination of nitrogen in the food and excreta should pro-
vide, therefore, a quantitative measure of protein metabolism indicating
whether the organism loses or gains protein under a given set of exper-
imental conditions.

By definition, then

B'=I- (F+7U), (2.6)

where B' 1s the apparent nitrogen balance, I is the nitrogen intake,
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F the nitrogen in the feces and U the urinary nitrogen. Although
losses of nitrogen occur through pathwaeys other than the feces and
urine, these are generally ignored in nitrogen balance experiments be-
cause of the extreme difficulty to measure them. Mitchell and Hamilton
(1949) have shown, however, that some nitrogen may be lost through
perspiration in hot, humid environments. It is conceivable, therefore,
that neglecting other pathways of nitrogen excretion may result, under
certain conditions, in the misinterpretation of data.

The apparent nitrogen balance, B' in equation (2.6), is said to be
positive whenever I > (F + U), and in this case a net gain in nitrogen
occurs. If I = (F + U), then B'= 0 and there is neither a gain nor a
loss in body nitrogen; in this case the individual is said to be in
nitrogen equilibrium. On the other hand, if I < (F + U), a nitrogen
loss 1s occurring, B'is negative, and the individual is said to be in
negative nitrogen balance (Thomas, 1909; Mitchell, 1923-2ka, 194k;
Allison, 1955; FAO, 1957).

Nitrogen balance is really the sum of gains and losses from all
the tissues of the body, and it should be cleér that it is possible to
have a positive nitrogen balance with a loss of nitrogen occurring in
some tissues; thus under conditions of stress, for example, although
some tissues mey be maintained at the expense of others, an over-all
positive balance may still be possible (Allison, 1955). In parallel,
maintenance of nitrogen equilibrium does not mean that every tissue is
being maintained, Just as the provision of sufficient nitrogen to main-

tain nitrogen equilibrium in the adult does not necessarily imply the
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fulfillment of nitrogen requirements. Nitrogen equilibrium can shift
through metabolic adaptation so that it 1s possible to maintain an indi-
viduel in a depleted state (FAO, 1957).

Thomas (1909) proposed a method to utilize information derived
from nitrogen balance gtudies for the assessment of the quality or
value of proteins in nutrition. This approach was later studied
further, improved, developed and extensively applied by Mitchell (1923-
ol a, b, c; 1943; 194k; 1954; 1955; 1959). By this procedure it is
possible to estimate two important paremeters in the evaluation of pro-
tein quality: a) Digestibility (D), defined as the percentage of in-
taeke of nitrogen which is ebsorbed; and b) Biological Value (BV), the
percentage of the absorbed nltrogen which 1s retainedin the organism.
Symbolically these two quantities are:

I-F
I

and (2.7)

_I-F-U
BV"‘ I—F f ]

D =

where I, F and U stand as defined for equation(2.6). Note that these
two expressions bear a close resemblance to the protein efficiency
ratios discussed in the previous section. The response observed and
the stimulus applied are different, but nevertheless, these ratios are
estimates of the relative efficiency of proteins in promoting a speci-
fied biological response.

The symbolic expressions for the apparent nitrogen balance, digest-

1bility and biological value as given in equations (2.6) and (2.7) can
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be improved by taking into account the contributions of the metabolic
and the endogenous nitrogen to the total nitrogen measured in the feces

and in the urine respectively. Introducing this modification, equa-

tions (2.6) and (2.7) may be written as follows:

I-(F- Fk)
B=I-(F+U)+ (Fk + Uk); D = = s
and : - ) (2.8)
I-(F-7)-(U-1U
k " Yk
BV = : I - (F‘ - Fk) 2

where B 1s the nitrogen balance, D the digestibility, BV the biolog-
ical value, F the total fecal nitrogen, U the total urinary nitrogen,
Fk the metabolic nitrogen in the feces, and Uk the nitrogen of endog-
enous origin in the urine. Notice that the product BV x D, expresses
the nitrogen retention as a percent of the intake. This index, known
as the Net Protein Value (NPV), is also useful in the assessment of
protein quality (Mitchell, 1923-24a).

Theoretically all the quantities in equations (2.8) should be
measured in a single trial and simultaneously. However, in practice
this 1s not possible and the metabolic and endogenous portions of the
nitrogen metabolism are measured in separate trials in which the exper-
imental animals are fed nitrogen-free diets, and then applied to the
test diets. In the method originally proposed by Thomas (1909), it is
assumed that both of these quantities are characteristic constants un-

affected by dietary factors. This assumption is only spproximately

true and holds only when certain conditions are satisfied in the
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experimental procedure. Mitchell (1923-2k4a)has pointed out that the
composition of food, and particularly the presence of undigested mate-
rials, may affect the estimate of metabolic nitrogen present in the
feces. To compensate for this possible effect, he suggests the equal-
ization of crude fiber content in the nitrogen-free and the test diets;
additionally, the estimate of the metabolic nitrogen in the feces for
the test diet should be calculated for the total food consumed on the
basis of the nitrogen in the feces per unit of food consumed on a
nitrogen-free diet. Similarly, it should be pointed out that the nitro-
gen of endogenous origin determined by indirect means in the urine, may
be affected by the caloric content of the diet when the supply of cal-
ories is close to the maintenance requirement, but if the caloric con-
tent of the diet is enough above the maintenance requirement, there is
no detectable effect of calories on the nitrogen of endogenous origin
in the urine.

From the preceding discussion it is evident that the determination
of nitrogen balance is a direct method for studying the degree of utili-
zation of dietary proteins for those metabolic purposes for which they
alone can serve. The determination of nitrogen balance can be a tedious
and slow process, but nevertheless, it has been used constantly as a
method of protein assessment, and animals as well as humans have been
used as subjects, both under normal and pathological conditions (Mitchell,
1923-2ka; Al1ison and Anderson, 1945; Allison, et al., 1946; Leverton,
et al., 1956; Sénécal, 1958; Gdémez, et al., 1958). In using this method,

however, certaln conditions must be satisfied:
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1. The diet must contain only the protein or mixture of proteins

under investigation, and should not contain non-protein nitro-
gen other than that present in the food under investigation.

2. The over-all composition of the diet must be so adjusted that
no protein will be metabolized for energy, except insofar as
such utilizetion is conditioned by the inability of the pro-
tein under investigation to maintain the nitrogen integrity of
the tissues, fallure to promote growth and/or the inability to
satisfy the requirements for other specific physiologic func-
tions.

3. A speclal effort should be made to avoid the intermixing of
food with excreta, as well as the mixing of urine and feces.

k., There should be a short period of adaptation to the diet to be
tested prior to the actual collection of information. The seme
subjects should not be used continuously through a long series
of different experimental periods, especially when testing
proteins of low value, to avoid the carry-over effects of
adaptation to previous test diets.

5. The preparation of the food, especially when working with human
subjects, should receive special attention, since the taste of
the food and possible losses through vomiting are particularly
important factors in this case.

In addition to the conditions listed, careful consideration should

be given to the physiological status of the subjects (Mitchell, 1923~

2lg, Scrimshaw, 1961). Also, although there is some evidence that
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neither the order (Mitchell and Carman, 1924) in which different foods

ere tested for their biological value, nor the relative frequency of
the food offerings to the subject (Mitchell, 1923-2k4g; Chanutin and
Mendel, 1922) heve an effect upon nitrogen balance, recent nitrogen
balance studies conducted in children recovering from kwashiorkor indi-
cate that both the order in which different therspeutic diets are
tested and the length of the time intervals between feedings may influ-
ence the results of nitrogen balance studies in human subjects (INCAP,
1961).

In practice each investigator satisfies these conditions in
accordance with the facilities at his disposal, for there is no uniform
set of rules to be followed. Thus, for example, the balance periods
used in evaluating proteins are variable both in length and number; it
is customary to employ one two or three three-day balance periods, but
some investigators prefer to employ other combinetions of duration and
number of balance periods (Bressani, et al., 1958, 1960; Wissler, et al.,
1948). Such differences in experimental procedure complicate the inter-
pretation and comparison of data obtained in different laboratories.
Additionally, as was pointed out in the case of the protein efficiency
ratio, no estimates of variance are provided with the results of nitro-
gen balance studies. Most of the time these results are presented in
the form of graphs constructed with average figures. In the case of
nitrogen balance studies in humans, individual results are customarily
presented, and their interpretation is based primarily on the consist-

ency of directional changes on repeated trials; the magnitude of these
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changes is of secondary importance because it is felt that they are
greatly influenced by large individual differences.

Using the same approximaste procedure suggested in the case of the
protein efficiency ratio, it is possible to find expressions for esti-
mating the variance for the calculated indices of digestibility and
biological value. Expressions for the variance of the nitrogen balance
and the nitrogen absorbed present no special problem and can be written
directly, for both of these quantities are simple linear forms of I, F
and U. The metabolic 'and endogenous nitrogen fractions in the feces
and the urine do not contribute to the variance of these quantities for
they are only sultable correction constents. The variance of the nitro-

gen balance is given by:

2 2 2
= + + - +
V(B) of * 0p + 0y - 2lppoiop * 0y * pFUUFUU,’ (2.9)
and the variance of the nitrogen ebsorbed is:

02 + 02

V(A) = 1t 95 - 2o1p00n (2.10)

In practice, however, the application of these two equations is
conditioned by the lack of information concerning the nature and be-
havior under different conditions of the various correlation factors
needed. Measures of balance and absorption are obtained individually
in most experiments, and direct estimates of the variance of these
quantitles are then possible. These estimates can be utilized to derive
estimated approximate expressions for the variances of digestibility

and the biological value by using the following relations:
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1 |2 2
V(D) = —-—12 oy * D20'I - 2D p(IAO‘Ij| (2.11)
and,
_ 1l |2 =22 e
V(BV) = 5 |% + BveqA - 28V pogo, (2.12)

In all these equations all synbols stand as previously defined.

The correletion of nitrogen intske and digestibility and that of
biologlcal value and absorption can be expected to be positive and rel-
atively high, so that these two expressions may be employed in practice
if reasonable values for the correlation factors can be assumed within
the suggested range. Under these conditions, the expressions given
might be particularly useful in exploratory work for the planning of
new experiments.

2.3 Bilological Evaluation of Proteins--Modifilcations
of Basic Procedures

Modifications in the basic procedures used for evaluating protein
quality pertalning to both methodology and interpretation have been
suggested from time to time. Some of these modifications will be con-
sidered in this section.

2.3.1 Replacement Values. Murlin, et al., (1938) suggested that

if nitrogen balance is interpreted using a reference protein of good
quality such as egg or milk, the time necessary for conducting the
actual trials could be reduced eliminating the standardization period
with low protein diets. The results of these experiments are given as
"replacement values" (VR), calculated from data obtained while feeding

sufficient nitrogen to maintain equilibrium or positive balance according



35

to the following expression:

B, - By
Vp = 100 - Lz = (100) (2.13)
r

where VR is the replacement value of the protein tested, Br the nitro-
gen balance for the reference protein, Bt the nitrogen balance for the
test protein and Ir the nitrogen intake for the reference protein.

2.3.2 Depletion and Repletion. It is reasonable to assume that

the regeneration of tissue in the adult tekes place in a similar fash-
ion as the growth of new tissue in the young animal. If an adult sub-
Ject 1s sufficiently depleted of its protein stores, the rate of tissue
regeneration can be rapid and approach the rate at which growth of new
tissue proceeds in the young. Under these premises Cannon and asso-
ciates (194h4), Wissler, et al. (1948) and others (Vivanco, 1960;
Bressani, 1960), have determined the nutritive value of proteins by
first depleting and then repleting the protein stores of the adult rat.
Depletion is accomplished by feeding-a protein-free diet until the rats
have lost 25% of their initial body weight. The animals are then fed
the test diets and the rate of repletion measured; seven days repletion
periods are usually sufficient for the estimation of nutritive value.
There is an excellent correlation between weight gain in the repletion
period and the regeneration of blood, liver, and carcass proteins, so
that weight recovery alone can be a measure of nutritive value (Allison,
1955). Weight gains, weight gains expressed as efficiency ratios, and

nitrogen balance have been widely employed as the response in the
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evaluation of protein quality by this method with satisfactory results
(Frazier, et al., 1947; Bressani, 1960; Vivanco, 1960).

2.3.3 Protein Minima. Melnick and Cowglll (1937) proposed that

the determination of the minimum amount of nitrogen or protein neces-
sary to maintain nitrogen equilibrium could be used as an index of the
nutritive value of dieteary proteins. These authors determined this
minimum by plotting observed nitrogen balance results against nitrogen
intake, or nitrogen absorbed, in the region of nitrogen equilibrium and
interpolating to the point of nitrogen intake or absorption which re-
sults in equilibrium or zero balance. In proposing this procedure,
Melnick and Cowgill (1937) recognized that many factors can influence
the estimate of the protein minims, emphasizing the importance of
standardizing the test subjects to similar steady states when conduct-
ing such trials for the purpose of comparing one protein minimum with
another.

2.3.4 Nitrogen Balance Indices. Allison and Anderson (1945) have

demonstrated that the relation between nitrogen balance and nitrogen ab-
sorbed is in fact curvilinear, but the locus of the observations for
absorption in the region of negative balances and low positive balances
is sufficiently well approximated by a straight line. This relation-

ship can be written as;:

B' =K (A) - NE_ , (2.14)

o

where B' is the apparent nitrogen balance as defined in equation(2.6L.A
is the nitrogen absorbed and NEo is the nitrogen excretion on a protein-

free diet; the regression coefficient (K) is closely related to the
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biological value (BV) of Mitchell. Allison and Anderson (1945) call

this regression coefficient the "nitrogen balance index", and point out
that it is identical with biological value (BV), when the nitrogen ex-
cretion on a protein-free diet (NEO), is actually the sum of the meta-
bolic and the endogenous nitrogen (Fk and Uk respectively) previously
discussed. The regression coefficient (K) is a constant for & given
protein when the experimental observations are obtained within the
limits where the linear relationship for nitrogen sbsorbed and nitrogen
balance can be expected to hold. Additionally, it is reasonable to
assume that nitrogen balance is a reflection of protein quality, and
hence the constant K may be used as an estimate of the protein quality.
One adventage in this approach is that it follows simple regression
theory, and accordingly estimates of the constants and their variances
are immediately available, and confidence intervals and tests of hy-
pothesis present no real problem.

Allison and associates (1946) have shown that a linear relation-
ship also holds for nitrogen intake (I) and nitrogen balance in the re-
gion of negative or low positive balances. This relationship can be

written as:

B' = K' (I)—NEO s

(2.15)

where B', as before, is the apparent nitrogen balance, I is the nitro-
gen intake and NEo is the nitrogen excretion on a protein-free diet.
The regression coefficient (K') in this case is the equivalent of the
net protein value (NPV), when NE, is truly the sum of the metabolic and

endogenous nitrogen. In this situation the ratio (—%7) is the
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digestibility factor (D), defined in equation (2.8). Algebraically,
these relations follow after subtracting equation (2.15) from equation
(2.14) to obtain:

K(A) - X*'(I) =0

and (2.16)

where all symbols stand as previously defined. Alternatively this re-
lation can be obtained by substituting'éér)for (I) in equation (2.15).

Also note that since:

NPV = (BV) D,

and (2.17)
(BV) =X ,

then,
NPV = KD ,

and (2.18)

K' = KD = NPV .

2.3.5 Net Protein Utilization. More recently, a rapid method for

the determination of the net protein value (NPV) has been developed by
Miller and Bender (1955). Since these authors utilize a different ap-
proach than the one suggested by Mitchell (1923-24a), the index obtained
using the procedure of Miller and Bender (1955) is known as the "net
protein utilization" (WNPU). Clearly, NPU is equivalent to NPV but the

calculated values of the two indices are not necessarily numerically
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equal. In the method of Miller and Bender (1955), nitrogen balance is

estimated by carcass anelysis rather than of the urine and feces; rats
are used as the experimental animasl. When the assays are carried out
under standardized conditions with respect to the level of protein fed
and amounts of fat, minerals and vitamins in the diet, the term "net

protein utilization" (standardized), or NPU_,, is applied to the re-

.t)
sults of these assays (Platt and Miller, 1959). Under certain condi-
tions, there is a very high correlation (r = 0.936) between carcass
water and carcass nitrogen content (Braham, et al., 1959). These
authors have obtained satisfactory results using chicks and predict-
ing the carcass nitrogen from carcass water using a linear relation-
ship, thus avoiding the tedious task of digesting the complete animals

for carcass nitrogen determinations.

2.3.6 Other Modifications. Other proposed versions of the basic

procedures for the evaluation of protein quality consist principally in
utilizing different response criteria. Changes in enzyme systems, in
serum protein fractions, in liver solids, and in the rate of fat deposi-
tion in the liver, for example,have been used in the past with relatively
good success. Similarly, different animal species, including bacteria
and protozoa, have been used as test subjects to assess the nutritive
velue of proteins (Allison, 1955). For the purpose of this disserta-
tion, however, the methods that have been briefly discussed should
suffice. They illustrate that all the biological procedures for de-
termining the nutritive value or proteins are concerned with measuring
thelr relative efficiency in producing some observable response involv-

ing the conversion of dietary protein to tissue protein.
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2.4 Non-biological Evaluaetion of Proteins

In the preceding sections it has been pointed out that the nutri-
tive value of a protein or a mixture of proteins depends largely on the
quantity and proportion in which these provide the essential amino
acids to the organism. Knowing the requirements for a given species
in terms of proportions and amounts of amino acids it should be pos-
sible, then, to estimate the nutritive value of a protein on the basis
of its amino acid composition. In this section some of the procedures
that have been proposed for utilizing information on amino acid con-
tent in determining protein values will be presented.

2.4.1 Method of Kithnau. Kihnau (1949) proposed the use of humen

milk as & reference for the evaluation of the nutritive value of die-
tary proteins and suggested the following scheme for utilizing avail-

able information in terms of essential amino acid composition. Let

Ri (i=1,2,3,...10) be the content per 16 grams of nitrogen of the ith

essential amino acid in human milk, the protein used as reference; let
Ty (i=1,2,3...10) be the concentration per 16 grams of nitrogen for the
corresponding ith essential amino acid in the test protein, then an

estimate of nutritive value is given by:

10
5T
g=1 *
10
s R

1=1

v , (2.19)

i

where TV is defined as the "total value" (gesamte Wertigkeit) of the
test protein relative to human milk. Kihnau later noted that his pro-

posed "total value" credits the test protein with concentrations of
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emino acids in excess of those in the standard or reference protein,
excess which presumably contributes nothing to the nutritive wvalue of
the test protein. Accordingly he suggested that the "total value",
calculated according to his original scheme, should be corrected as
follows. Let td (J=1,2,...n; n < 10) be the excess amino acid concen-

tration in all cases where Ri'< Ti’ then a corrected estimate of nutri-

tive value can be obtained by

10 o)
5 T, - &t
i, 3
i=1 J=1 _
e = PV , (2.20)
Z R
1=] 1

where PV is defined as the "pure value" (reine Wertigkeit) of the test
protein relative to human milk., Additionally Kithnau defines the dif-
ference between the "total value " (TV) and the "pure value" (PV) as
the supplementary value (Erganzungswertigkeit), which is presumably a
measure of the availability for supplementary relations with other pro-
teins which may be deficient in the amino acids occurring in excess in

the test protein.

2.4.2 Method of Oser. A method similar to that of Kithnau (1949)

has been proposed by Oser (1951). 1In this case whole egg protein in-
stead of human milk is used as a reference standard. The nutritive
value of a test protein is estimated by calculating what Oser calls

the "essential amino acid index" (EAAI) according to the following ex-

pression:
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10

10 T,
100 II 3 = FAAT , (2.21)
i=1 "4

where Ti is the concentration of the ith essential amino acid in the
test protein, and Ri is the concentration of the corresponding essential
amino acid in the whole egg protein. In this case as before, excess
amino acid concentrations in the test protein are disregarded by arbi-

trarily defining as one those ratios in which Ri~< 5 The use of

i.
ratios and the geometric mean should result in a better distribution of
welghts for the contribution of each amino acid to the calculated index.

2.4.3 Method of Mitchell and Block. Mitchell and Block (1946)

have proposed a method which approaches the subject of the chemical
evaluation of proteins in a different manner, and does not use the con-
cept of integrated essential amino acid content applied by Kthnau (1949)
and Oser (1951). Using egg protein as a standard, Mitchell and Block
(1946) compared the percentage of each essential amino acid in the test
protein to that of the reference standard they had chosen. The largest
relative deficit with respect to the standard was teken as the "chem-
icel protein score", since this should be the amino acid limiting the
utilization of the total protein. These percentage deficits are highly
correlated with the corresponding biological values determined by the
nitrogen balance method (r = -0.861) while there is little or no corre-
lation of the chemical scores with the digestibility of the proteins
studied.

Later the chemical score was redefined as the complement of the

original definition given above, and Mitchell (1954) reported that a
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considerable improvement in the correlation with biological value

(r = +0.948) was possible by using a modified version of the method of

Oser (1951). The modification consisted in calculating the geometric
mean of the relative deficits (or of their complements) of all the
essential amino acids present in the test protein in smaller relative
quantities than in egg protein. The high correlations suggest that

the nutritive value of a protein is determined essentially by its amino
aclid composition; furthermore, the improvement in the correlation ob-
served when using the modified essential amino acid index would seem to
suggest that the single amino acid most limiting in the protein does
not determine the nutritive value of the protein in toto, although it
is probably responsible for the greater part of it.

2.4,k Method of "Protein Scores" (FAO). A new concept concern-

ing the protein used as a standard in the assessment of protein values
has come gbout in recent years with the introduction of the FAQO refer-
ence protein (FAO, 1957). Actually, the reference protein is an arti-
ficial pattern of essential amino acids (see Table 1.2) elaborated by
the FAO Committee on Protein Requirements, on the basis of the present
knowledge of the role and requirements of amino acids in nutrition. In
proposing this amino acid pattern as a reference protein, the Conmittee
mede the following comment:
"There is no experimental evidence that the provisional

pattern, based on minimal requirements as these are now

known, is superior to the patterns found in good food pro-

teins such as those of milk and egg. A case could be put

forward for adopting one or other of the latter as standards

of comparison in assessing protein quality. The Committee
has, however, preferred to adopt the former." (FAO, 1957).
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Associated with this pattern, the FAO Conmittee proposed the calcu-
lation of a protein score, along the lines of reasoning followed by
Mitchell (1954) in proposing the use of the chemical score. The FAO
protein score, which reflects protein quality, is taken as the ratio of
the lowest amino acid in the protein under consideration to the corre-
sponding amino acid in the proposed provisional amino acid pattern.
The protein score is conceptually the complement of the chemical score
as originally defined by Mitchell and Block (19L46) and equivalent to
it as redefined; it differs from these in using a different standard

for comparison.
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CHAPTER IIT

THEORETICAL DEVELOPMENT

5.1 Basic Premises

5.1.1 Equivalence of Different Procedures. Some of the methods

commonly used in the assessment of the nutritive value of proteins were
briefly discussed in the previous chapter. It was pointed out that
these methods differ primarily in the type of response chosen for study
and in the experimental procedure employed. Ultimately, however, they
all yield a numerical quantity which is used as an index of the nutri-
tive value of different proteins, and which, independently of the pro-
cedure followed, often results in a similer ranking order for a given
set of proteins. This implies that the indices of protein quality
estimated for the same protein by different procedures are roughly
proportionally related. This also implies that functional relation-
ships exist among different response criteria. Knowledge of these
functional relations would permit the calculation of the necessary
proportionality constants for the interconversion among the different
types of indices employed in the assessment of protein quality.

The estimates of protein efficiency, however, are affected by the
level of dietary protein used in the feeding trials, and thus, the
comparison of efficlency indices for different proteins, estimated at
different levels of intake, does not constitute a fair comparison of
their quality. ©Some information on the quality of proteins can be ob-
tained from the comparison of efficiency indices estimated at the same

level of intake. It should be clear, however, that such information on
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protein quality applies only at the level of dietary protein used to
obtain the efficiency estimates, and cannot be generalized over all
levels of intake. For a generalized interpretation of protein quality
using efficiency indices, it becomes necessary to study the comparative
behavior of the proteins under consideration in a range of suitably
chosen levels of dietary protein. Osborne, Mendel and Ferry (1919)
proposed that this approach should be followed in applying their scheme
for the biological evaluation of proteins in order to determine the
points of maximum efficiencies; these authors further indicated that
the comparison of the biological efficilencies of different proteins was
valid only when made between maximum efficiencies.

Although maximum efficiencies are an important consideration in
protein quality, maximum efficiencies per se are not sufficient for the
characterization of protein quality. Allison (1954) has suggested that
the shape of the efficiency curves should be of value for the identifi-
cation and characterization of the different factors that affect pro-
tein quality. This approach is particularly appealing for it would
make possible the development of a generalized theory which would be
applicable to the different types of responses generally employed in
the estimation of the biological efficiency of proteins. The system-
atic testing of the hypothetical model with existing information on
protein quality and with results from experiments designed for the in-
vestigation of the properties of the model, should permit the introduc-
tion of theoretical refinements in the original hypotheslis making
possible the formulation of an improved model which may reflect more ac-

curately the modus operandi of the biological system under consideration.
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35.1.2 The Meaning of Protein Quality. The biologically deter-

mined quality of a given protein? is the result of the direct effect
and interaction of many factors. Not all the factors involved in the
measurement of the quality of a protein are inherent to the protein
itself, and dietary as well as non-dietary factors may be reflected in
the estimates of protein quality. Thus, the physiological state of the
test individual, which may or may not be related to nutrition, may
condition his response. Moreover, the relative adequacy of the diet
with respect to non-protein nutritive entities, can also affect the
utilization of the protein. Clearly, under such conditions, the re-
sponses obtained cannot be considered good measures of the quality or
nutritive value of protein per se. TFor this reason, the adequate con-
trol of all the known non-protein factors which may influence the esti-
mates of the nutritive value of proteins should be a primary considera-
tion in the experimental procedures followed in the course of feeding

trials.

Under proper experimental conditions the quality of the protein is

determined by factors inherent to the protein itself. This, however,

does not guarantee that unique estimates of nutritive value for a given
protein will be obtained in repeated trials. As it was pointed out in
Chapter I, proteins are labile and can be very sensitive to physical and

environmental factors. Thus, prolonged storage and/or differences in

21n the discussion which follows, the term protein should be under-
stood to refer to individual as well as to mixtures of proteins from
different sources unless otherwise specified in the text.
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processing prior to the test for quality, for example, can result in
real differences in nutritive value.

It is generally agreed that digestibility is important for the
evaluation of protein quality, but there is no general agreement as to
whether this factor should be included or not as an inseparsble part of
the numerical values used as indices of protein quality. Thus, digest-
ibility is not explicitly considered in the protein efficiency ratio
estimated according to the scheme of Osborne, Mendel and Ferry (1919),
but it is explicitly considered in the estimate of biological value
proposed by Mitchell (1923-2L4a). In the latter case digestibility is
estimated separately and used as a condlitioning factor for the biolog-
ical value in the calculation of the so-called "net protein value".
Such discrepancies in concept, however, should not hinder the proper
interpretation of data on protein quality, provided digestibility is
recognized as a pertinent factor, and the necessary information given
so that it can be taken in consideration when necessary. In practice,
the digestibility of many of the materials tested is high and confined
to a fairly narrow interval, so that its net contribution to the indices
of quality is relatively small in most cases.

The quality of a protein is a function of its amino acid pattern
end content. The magnitude of the responses commonly used in the as-
sessment of protein quality must vary, therefore, in accord with the
assortment and proportions of amino acids present in the protein and
made available to the organism. The more complete the assortment of
amino acids, and the closer the proportions approach the optimum in

terms of requirements, the higher the quality of the protein.
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To date, twenty-six emino acids have been identified as products
of the hydrolysis of different proteins. Although all of the amino
acids are in some sense essential within the organism, not all of them
are needed in the diet; as was pointed out in Chapter I, certain amino
acids can be synthesized in the course of metabolism from other amino
acids and, in certain species, from other nitrogen sources. The term
"nonessential" used to describe these amino acids refers to the fact
that it is not strictly necessary that they be furnished as preformed
entities by the dietary protein. On the other hand, depending on the
species, about ten amino acids which cannot be synthesized, or cannot
be synthesized at a sufficiently rapid rate to satisfy metabolic re-
quirements, must be furnished as preformed entities by the dietary pro-
tein; these are ordinarily called the "essential" amino acids.

The spectrum of essential amino acids may vary with changes in the
basic physiology of the organism. For example, the amino acids that
are considered essential for the growing individual are not necessarily
the same amino acids considered essential for the maintenance of the
general well being of an adult individual. Both of these sets of
essential amino acids may in turn differ from the set of amino acids
considered essential under stress conditions (such as disease or
trauma), when some metabolic pathways may be partially or totally
blocked, or extensive tissue repair may be necessary. In every case,
however, the amino acids are ultimately used for the synthesis of pro-

teins for growth, repalr, maintenance of the status quo, or any combi-

nation of these processes.
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Since growth is the physiological state which probably imposes the
greatest demands for amino acids, it is not unreasonable to assume that
a protein of good quality for growth is also satisfactory under other
non-pathologic physiological conditions. Accordingly, growth will be
used as the response of choice. in attempting to describe and illustrate
(responsewise) the relation of the amino acid pattern and content to
the quality of proteins.

Assuming that the nonessential amino acids are available in ade-
quade amounts, and considering the essential amino acids as a group,
without identification of the individual acids in the group, the multi-
Plicity of possible situations which may arise in practice could be
reduced to the following general classes:

A. An ideal protein which contains all the essential amino acids

3

in the correct proportions” in optimum concentrations.

B. A group of proteins which deviates from the ideal only because
of suboptimal amino acid concentrations.

C. A group of proteins which deviates from the ideal because of
an unbalance in the proportions of their amino acids.

D. A group of proteins which lack one or more of the essential
amino gcids.

Evidently, such a scheme of classification is neither the only one

possible nor is it pretended to be exhaustive in the consideration of

3P:roportion refers to the relative ratios among the essential amino
acids in a protein which independently of absolute quantities establish
the so-called "amino acid pattern” for that protein.
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all the factors which may affect the quality of proteins. However, 1t

should be useful as a basis for discussion and for illustrating the
complexity of the functional system under which the quality of proteins
is established.

The ideal protein in class A would be expected to produce the
largest responses at optimum rates, resulting in maximum efficiencies
at minimum dietary protein concentrations. Theoretically, the proteins
included in class B should produce results similar to those obtained
with proteins in class A, because in this case it should be possible to
correct the quantitative deficiencies in amino acids by increasing the
protein content in the diet. Maximum efficiencies can be expected to
be lower and to occur in this case at higher dietary protein concentra-
tions than in the case of the ideal protein.

The expected responses in the case of the proteins included in
class C will vary according to the type of unbalance present in the
protein. If the unbalance is not marked enough to result in competi-
tion among the amino acids, the response obtained with these proteins
should be equivalent to that obtained with proteins included in class B.
When the amino acid unbalance is marked enough to result in competition
among the amino acilds, the responses will be smaller and as the protein
concentration in the diet increases should approach a lower attainable
maximum response than the proteins in class B. The maximum efficiencies
for these proteins can be expected to be lower and to occur at higher
dietary protein concentrations than for the proteins included in class

B. Toxic effects of amino acids are known to exist (Harper, 1958), and
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some types of unbalance may induce such effects. In this case, an
inhibition of response would occur at the higher levels of dietary pro-
tein. However, since relatively large concentrations of amino acids
are likely to be necessary to produce toxic effects, this type of un-
balance will not be considered in this thesis. The proteins included
in class D may be regarded as a special case of the proteins in class C,
since the lack of an essential amino acid can be regarded as a limiting
type of unbalance. Feeding proteins of the type included in class D
would result in losses instead of gains.

The content of nonessential amino acids may be an important
conditioning factor to the quality of proteins which has not received
adequate attention in the past. It is not unreasonable to expect that
g nonessential amino acid deficit is capable of altering the natgre of
the responses described above for different classes of proteins. In
general, a deficit of nonessential amino acids can be expected to be
detrimental to the quality of balanced proteins, while it may be either
detrimental or beneficial to the quality of unbalanced proteins. The
effect on the latter would depend on the course of selective utiliza-
tion of essential amino acids to supply the missing nonessential amino
acids. Additional research is necessary to clarify the role of the
nonessential amino acids in determining protein quality. The results
from such studies may well justify the incorporation of the group of
nonessential amino acids in toto as an additional unit in the frame of

essentiel amino acids.
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Although in the preceding discussion reference has been made to
"unbalanced proteins", a deliberate effort was made throughout to avoid
the use of the term "inbalance". It was felt that this concept has not
yet been consistently and satisfactorily defined, and not infrequently
is misused and applied unrestrictedly in situations where conditional
responses are observed. Alternatively, the proteins themselves are
considered as unbalanced, and the effects of unbalance on response are
regarded ultimately as the result of amino acid deficiencies. It should
be noted that in accord with the discussion in the previous paragraphs,
these deficiencies may be either single or multiple, original, induced
or conditional.

Further development of the concepts outlined in this section,
coupled with the study of the nature of response curves over a broad
range of dietary concentrations for different proteins, may give the
best lead for the better understanding of the role of amino acids in

the nutritive value of proteins.

3.2 Developmznt ¢f the Model

3.2.1 Characterization of Stimulus (Input) and Response (Output).

From the discussion in Chapter II, where the different procedures com-
monly used for the evaluation of proteins were presented, it should be
evident that in the general case these techniques are concerned with
the evaluation of measurable differences observed in different types of
biological phenomena, when certain characteristics of the diet with
respect to protein are changed.

At the beginning of this chapter it was pointed out that differ-

ences in procedure, and hence in the choice of biological change
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measured in the trials as well as in the quantitative expression of the
protein attributes of the experimental diets, should not result in real
differences in the estimates of protein quality. Accordingly, in the
discussion which follows, the different types of changes in bilological
phenomena which may be observed will be considered in a general sense
as "responses” (output), while the various forms of specifying the
protein attributes in the experimental diet will be considered as
quantitative expressions of "stimuli" (input). Specific reference to
a particular kind of response and stimulus will be avoilided in as far as
possible, but the general concepts should be epplicable in all cases.
Additionally, it will be assumed that the physiological status of the
test individuals is satisfactory for the response to occur and all the
essential nutritive entities in the diet, other than protein, are
present in sufficient amounts to satisfy requirements. In other words,
the experimental conditions are such that protein is the only factor
limiting the biological response.

In the general case then, for a protein of given quality and in a
fixed period of time, it should be possible to obtain responses which
increase in magnitude as the intensity of stimulus increases. The
increments in response obtained for corresponding increments in stimulus
should be constant, or nearly constant, at the lower intensities, but
they should gradually decrease in megnitude when the increments in
stimulus occur in the range of higher intensities. Thus, the net re-
sponses should approach a maximum value rapidly at the lower levels of

stimulus, and slowly at the higher levels of stimulus in a fashion
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which suggests a biological behavior conditioned by a law of diminish-
ing returns. This is not an uncommon situation in biological phenomena,
and there is abundant experimental evidence which illustrates this
point in general (Willcox, 1959) and in the case of proteins and amino
acids in particular (Almquist, 1953; Bresseni and Mertz, 1958).

Unfortunately, most of the experiments conducted for the purpose
of the evaluation of protein quality, have been primarily concerned with
the evaluation of proteins at the economically feasible levels for the
feeding of domestic animels, and consequently are usually carried out
using single levels of input, and do not permit the study of the nature
of the response curves, The same situation prevails when humans are
used as test subjects, for in this case it is practically impossible to
study responses in a wide range of stimulus intensities. As a result,
the data derived under such experimental conditions as described above,
although valugble for the particular purposes of each trial, cannot be
utilized in a broader sense for the characterization of the relevant
parameters which may permit the general classification of proteins on
the basis of the characteristics which determine their quality or nutri-
tive value. Consequently, any classification scheme, such as the one
used for discussion in Section 3.1.2, will have to be developed on
hypothetical grounds and modified in accordance with the results of
experiments performed to test the theory.

A general summary of the preceding discussion is presented
graphically in Figure 3.1. The hypothetical response curves shown

illustrate the general nature of the stimulus-response (input-output)



Response (Output)

bl

(B)

(D)

Stimulus (Input)

Figure 3.1, Theoretical responses for protelns of different quality.
(A) Expected response for an "ideal" protein. (B) Expected
response for a balanced protein with suboptimal concentration
of amino acids. (C) and (C') Expected response for proteins
with a competitive type of amino acid unbalance. (D) Expect-
ed response for an unbalanced protein approaching the limiting
case (lack of one or more essential amino acids).
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relations which might be expected in accord with the theoretical con-
siderations outlined in Section 3.1.2.

2.2.2 Stimulus, Response and Relative Efficiency. The discussion

in the previous section suggests that the quality or nutritive value of
proteins may be determined satisfactorily through the characterization
of the response curves obtained when feeding different proteins over a
sultable range of concentrations under controlled experimentsl condi-
tions. The determination of the nutritive value of proteins by this
procedure, however, does not take into consideration the important
economic aspects of protein nutrition. It would be desirable that some
measure of the relative "cost" of the proteins be included as an inte-
gral part of the different indices of quality that may be calculated.
This objective is usually accomplished in practice, for as it was
pointed out in Chapter II, most of the procedures emplgyed for the
biological evaluation of the nutritive value of proteins result in the
calculation of some kind of relative efficiency index which expresses
the units of response attained ona per unit of input basis. Since cost
can be assumed to be proportional to input, from such indices, it should
be possible to make inferences concerning the best way to utilize dif-
ferent proteins to obtain meximum returns at minimum cost. The calcu-
lation of an efficiency ratio, however, does not eliminate the need for
considering responses over a graded range of protein concentrations in
the diet. Clearly, the efficiencies are not independent of the inten-
sity of input, and consequently for the proper interpretation of results

it becomes necessary to study the nature of the efficiency curves.
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In the general case, the numerical value of the relative efficiency
will increase as the input increases in the region where the ratio of
the resulting increment in response for a corresponding increment in
input is greater than the relative efficiency; there will be no change
in efficiency when the ratio of the two increments is equal to the
relative efficiency, and this will decrease when the ratio of the re-
sulting increment in response to the corresponding increment in input
is less than the relaetive efficiency. In other words, relative effi-
clencies will increase in value, reach a maximum and decrease in value
as the input incresases.

Under comparable experimental conditions proteins of good quality
should reach a relatively high maximum efficiency at a feirly low level
of input, while proteins of intermediate quality should generally result
in lower meximum efficlencies attained at variable levels of input. In
all cases, the efficiency maxims for proteins of intermediate and poor
quality should occur at higher levels of input than the maxima for the
proteins of good quality.

The beginning of positive responses in the continuumobserved, i.e.,
positive relative efficlencies, should occur at lower levels of input
stimulus for the proteins of good quality than for other proteins. The
terminal relative efficiencies obtained at the higher levels of input
are likely to vary according to protein quality.

A grsphic summary of the preceding discussion is presented in
Figure 3.2. The concepts considered are schematically illustrated

using hypothetical relative efficlency curves.
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Stimulus (Input)

Figure 3.2, Schematic expected behavior of the relative efficiency
curves for proteins of different quality.
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3.3 Mathematical Derivation of the Model

3.3.1 Relative Efficiencies. Let Q be the biological response

for a given species observed in a fixed perliod of time t, and let I be
the cumulative input over the time t necessary to produce Q. When both
Q and I are specified quantitatively using the same units of measure-

ment, the relative efficlency, z say, for a given protein is given by
-2 :
z=—, -k<Q<k ; OSI<ks . (3.1)

For a given species, the values of the limiting constants for Q,
kl and k2, depend respectively on the physiologic tolerance for net
losses and the maximum biologic capacity for gain in the criterion used
to estimate Q. The quantitative measure of the input, I, will take only
positive values and will be limited by the food intake capacity, k3, of
the species, and the concentration of protein per unit of food.

Since 1t is not biologically tenable under the usual experimental
conditions that I = @ = O, there is only one admissible discontinuity
in z; this occurs when I = 6l With proteins of very poor quality, Q
may take only negative values, for these proteins are likely to result
in losses only; other proteins should produce both gains and losses.
The latter, which involve negative values of Q, should occur at reason-
ably low levels of input, and should become more marked as I decreases
in value. Accordingly

lim z = lim [Q./I] = - @ . (3.2)
I—0 I—0
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Increments in input AI, will produce corresponding increments in

response AQ. When i (i=1,2,...n) levels of input are considered, the

following conditions should hold:

z. . >z If o==>z, , (3.3)

z = 2 if —

1
2]
v

(3.4)

and zi+l<zi if E—<Zi 0 (3.5)

These conditions follow immediately after writing the relations

Q
2y ~ :"[i ’ and
i
(3.6)
Z =z, + Az, = Qi ) AQi
i+l i i I, + AT ?
i i
solving for Az 1 and rearranging to obtain
My Q
AN N I
_ _ i i .
241 T %4 TH23 7T (3.7)
St
i

Because of the physiological limitations inherent in any biological
system, Q cannot be expected to increase indefinitely but will rather
approach a maximum value which will vary depending on the species and
the conditioning effect that the quality of the protein may have on the

test subject. Accordingly, AQ can be expected to be relatively large
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at the low levels of I and to become increasingly smaller as the
biological maximum of Q 1s approached. This general nature of biolog-

ical responses was illustrated in Figure 3.1l. Since AT can be main-

tained fairly constant in the bilological system, then 2? should
satisfy (3.3) at the lower levels of I, then in a different range of

I, as I increases, will satisfy (3.4), and finally at the higher values
of I will satisfy (3.5). Therefore, z can be expected to increase in
value, reach a maximum and then gradually decrease as I increases; the
general nature of such curves was shown in Figure 3.2. It is customary
to express the scale of input in these graphs as percent of protein in
the diet, although the values of z are usually calculated on the basis
of the ebsolute amounts of proteln consumed or absorbed according as to
whether the investigator wishes to estimate digestibility separately or
not. The percent concentrations of protein in the diet constitute in a
way an expression of input intensity which may be considered as common
to all proteins. Since the scale change mentioned above involves only
8 simple linear transformation, it does not affect the general nature of
the relationships discussed.

The equation for the calculation of relative efficiencies given in

(3.1) can be alternatively written as a product as follows:

1
z = [—f—] OF (5.8)

emphasizing the two component nature of z. In addition, if the two
components,.[—%{] and Q, can be expressed as functions of the protein

concentration of the diet, p say, it should be possible to derive a
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meaningful mathematical model for the efficiency of proteins of the

general form

z=£(p) - 5(p), OZLp<l. (3.9)

First approximations for these functional forms, which may be
useful for a better understanding of the various factors involved in
the determination of the nutritive value of proteins, will be derived
in the next two sections.

3.3.2 Response (Output) as a Function of Protein Concentration

in the Diet. Consider a response Q, which may be any suitable expres-

sion of a biological phenomenon, obtained in a fixed period of time t.
It is assumed that the dietary protein, conditioned by the physiological
capacity of the test individual, is the only limiting factor for the
response Q. Let 7n be the average of the response maxima attained by

81l the individuals in a given species under specified experimental
conditions. From previous discussion, it seems reasonable to assume
additionally that any change in response produced by increasing p, the
protein concentration in the diet, would be proportional to the response
yet to be made in an amount y determined. by certain qualitative aspects
of the protein under test, which pertain to the rate at which the mexi-
mum response is approached. In other words, the rate of change for Q

with respect to p is given by

= = v(n-Q), (3.10)

dl
or Tt =N (3.11)
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which 1s a simple first order differential equation of the general form

SL+Ty=u, (3.12)

The general solution for differential equations of the form in (3.12)

—
:/ﬂTdT U/;Ed.T
y:e fMe d.T+C . (3‘13)

is given by

Referring the .expression in (3.13) to (3.11), the solution for Q in

terms of y and n is given by

-f 78p frdp

Q=e f?ﬂe ap + ¢ |, (3.1%)

which upon integration yields
* -7p
Q=ntEe ’ (3.15)

where g* is the constant of integration.

From previous discussion, it should be evident that Q will take
negative values for dietary concentrations of a protein less than some
value of p, P, say. The value of pb'will vary for different proteins
depending on quality, but it should be fairly low for proteins of good
and intermediate quality. At the concentration Py s neither gain nor
1o8s will be evident in the biological phenomenon under consideration
and Q will be equal to zero. The value of Py then can be considered as
the gbsolute minimum protein concentration necessary to prevent losses

in any response studied. For values of p greater than Py> gains will be
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evident in terms of the response under consideration, and accordingly,
Q will take positive values. To satisfy the preceding conditions, the

%*
following two restrictions are necessary for g :

¥*
i) £ < O

(3.16)
and 1i) |§%I > n o

%
Since ¢ will tske negative values only, equaticn (3.15), for the

sake of convenience will be written in the form

Q=1n-te’? (3.17)
*
where ¢ = -t > 1 >0 . Equation 3.17 is the functional form fe(p)
sought for Q. The graph of fz(p) for different values of p takes the

general forms presented schematically in Figure 3.1.

3.53.3%5 Stimulus (Input) as a Function of Protein Concentration in

the Diet. It has been stated previously that the stimulus (input) may

be specified quantitatively in different ways. However, all the proce-
dures employed ultimately will be expressions of the amounts of protein
made available to the test subjects. Whether these amounts are expressed
in terms of protein consumed, protein absorbed, or similar expressions
in terms of nitrogen, should not influence the general nature of fl(p),
since all these expressions are equivalent under simple linear trans-
formations.

To characterize the stimulus in terms of the protein concentration
in the diet, it is not unreasonable to assume, as a first approximation,
that the rate of change of the stimulus with respect to the protein

present in the diet will remain constant. Symbolically, then
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= =B, (3.18)
which on integration yields
I=8pp+a, 0<p<1l, (3.19)
and the functional form fl(p) sought for the stimulus I, is
£(p) =4 = 335> OSPSL. (3.20)

The biological interpretation of the parameters o and B in equa-

tion (3.19) will change depending on the particular choice in the quan-

titative measure of protein input (stimulus) into the system. In

general, however, B will reflect some measure of the average food con-

sumed, while o should be a general correction term for the amount of
protein specified by the product Bp. Further discussion on the natur
of these parameters will be postponed, since a better understanding
of the nature of @ and B will be possible when the complete model is
considered.

Equation (3.19) represents a straight line, and its reciprocal

fl(p) as glven in equation (3.20) is a decreasing monotone which will

vary from-jé— when p = O, to when p = 1.

a+p

3.3.4 The Complete Model. The two expressions, fl(p) as given

in equation (3.20), and f2(p) as given in equation (3.17), can be com-

bined according to equation (3.9) to obtain a mathematical model for

e

the efficiency z, as a function of p, the protein concentration in the

diet. Symbolically, the model is given by
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0<p<1l. (3.21)

The meaning of the structural parameters in the system willl now be
considered.

It will be recalled that n was defined as the average maximum
attainable response for all the individuals of a given species under
specified experimental conditions for a pericd of time t. Additionally,
in considering on a theoretical basis the different types of responses
which can be expected when: feeding proteins of different qualities
(section 3.2.1), it was pointed out that balanced proteins could be
expected to produce the same response maxima, although these would be
attained at different levels of input; unbalanced proteins on the other
hand, should result in lower response maxima. Accordingly, m should be
useful for identifying non-toxic types of unbalanced protelns, when the
results obtalned with different proteins can be referred to the value of
n obtained with a protein of known good quality under the same experi-
mental conditions. Egg and milk proteins have been used in the past for
comparisons in the case of single point quality estimates, and should
also be adequate for comparing different values of 7n when used as indi-
cated above.

In deriving equation (3.17), 7y was defined as the proportion of
the gain yet to be made achieved by an increment in stimulus (input).

It was also pointed out that the magnitude of response (output) incre-
ments produced by corresponding increments in stimulus (input) will

gradually decrease as the response approaches its limiting maximum n;
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the parameter y is a measure of the rate of decrease of the increments
in response, and consequently an indicator of the rate (with respect to
p) at which the maximum response is attained. This is an important
consideration in the question of protein quality which may permit the
establishment of a quality gradient for proteins capable of producing
the same maximum response. The integration constant, &, is a scaling
factor which varies with n and 7.

Under ideal experimental conditions, all the digestlible protein
contained in the food should be utilized for the production of the
response, after the relatively small protein needs for basic metab-
olism are satisfied. Additionally, the observed response should depend
exclusively on the dietary protein, and should not be influenced by
other factors in the diet. In practice, however, the ideal experi-
mental conditions are seldom, if ever, fulfilled. The parameter & in
the model measures, in protein equivalents, departures from.ideal-exper-
imental conditions.

The parameter P measures the average "effective" food consumption
during the experimental period, and is proportional to the observed
food consumption. The proportionality constant which relates these two
quantities, and which may be considered as a food efficiency factor,
is a function of . It may be derived as follows: Let Ec be the ob-
served food consumption and let Pc be the protein consumed in the
course of a given trisal (all other symbols stand as defined previously).

Obviously,

P =F.0p (3.22)
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and since Pc is equivalent to the protein input defined in equation

(3.19) it follows that

a+pp=Fp, (3.23)

and

-7 -2
B="F 5 ° (3.24)

Using the relation in equation (3.22), equation (3.24) may be rewritten
in the form

p=F(1-2), (3.25)

c

where the portion in parenthesis is the proportionality constant relat-
ing the observed food consumption to the "effective” food consumption.

Note the following relations which follow immediately from equation

(3.25):

if @ <0, then F, <B,

if a =0, themn F,6 =8, (3.26)
and if o >0, then Fc >B .

The preceding discussion suggests that additional biological research
is necessary to be able to establish clearly the significance of all
the parameters in the model. The estimates of the parameters obtained
in the course of testing the model should give useful information in

relation to the type of experiments that are needed for this purpose.
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3.4 Behavior of the Model
The proposed model as given in equation (3.21) represents a family
of curves which take the same general form of those presented in figure
3,2, To illustrate further the behavior of the model, a family of

efficiency curves, which may well belong to a group of proteins which

allow the test subjects to attain the same maximum response but at
different rates with respect to p is illustrated in Figure 3.3. These
curves were obtained by taking fixed velues for n, &, &, and B within
realistic biological limits, and allowing 7 to take different values;
for each value of y considered, the value of z was calculated for in-
creasing values of p in a range from 0.04 to 0.40 at intervals of one-
half of a one percent. Note the increasing sharpness of the maximum
efficiencies which occurs simultaneously with a displacement to the
lower values of p and the occurrence of higher maximum values. In
general, these curves would be displaced to the higher maxima with in-
creasing values of 7 when all the other parameters are fixed, while the
maximsa would be depressed with increasing values of B when all the other
parameters are fixed.

For the sake of convenience, the discussion which follows will be
limited to the range of p which produces positive responses. At the
point of equilibrium in the system, when the stimulus applied results
in neither gains nor losses, the value of z should be zero. 1In this

case,

e~7P
.% B 2 (5'27)



z = f(p)

=
= ]
7 N

7=10

7=

n - te 7P
a + Bp

Figure 3.3, Behavior of z = f(p) for different values of y when n, ¢, Q,
and B are fixed.
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and n-te’P=0. (3.28)
Then n=¢e’?,
(3.29)
in [—.ﬁ_ =7P ,
N S -
and b, = — ln[n ] (3.30)

When p is smaller than Py (equation 3.50), the response will be nega-
tive, for it will occur in terms of losses. A state of equilibrium or
galns in terms of response will occur in the system when p takes values
that are equal to or greater than P,»

Additionally, since in practice the concentration of protein in
the diet seldom is higher than forty percent, it seems reasonable to
consider this value as & practical upper limit for p. Hence, the dis-
cussion of the behavior of the model will be restricted to a range of

values of p within

_.71.’_. 1n|}1$‘-J <p<0.50 . (3.31)

There are no discontinuities in z = £(p) as given in equation (3.21)
within the restricted range of values specified in (3.31) which con-
sidersonly positive responses. It should be recalled that for the
state of equilibrium in the system, or for positive responses to occur,

it 1is necessary that

[3 + B#] >0 . (3.32)

The minimum value of z occurs at the lower limit iIn the range of p,

and from equations (3.27) and (3.30) z minimum is obviously zero. At
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the upper 1limit of p, z will take a finite positive value given by

N - g_e-o.h07
a + 0.40 B

: (3.33)

z:

In general, this value will not be a maximum for z, since in most cases
at p = 0.40 the response, 1 - ¢ e /P | should have reached already
practically constant levels, and accordingly since the value of o + fBp
increases with p, z should be decreasing in value. Some exceptions will
occur in the case of proteins which result in very low values of y (see
Figure 3.3); in such cases, z may still be increesing in value at
p = 0.40.

In most cases, then, there will be an intermediate value of p
within the limits under considerstion which should result in a maximum

efficiency. A solution for this value of p can be obtained by solving
£'(p) =0, (3-3h)

where £'(p) is the first derivative of z = f(p) with respect to p, and
represents the rate of change in z per unit change in p.

From equation (3.21),

(@+pp)yt e —(n-te™)p (3.35)

f'()" >
P (a + Bo )2

and equating to zero

[a+pp) 7t %= - £ 7B, (3.36)
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which can be rewritten in the form

ree’o=28, (3.37)
or
z, = —ZBL e 7% . (3.38)

Equation (3.21) in the region of p considered has at most one in-
flection point, and since the minimum value of z is zero by definition,
and the quantity on the right of equation (3.38) is positive and greater
than gero, Zm must be a maximum for z; the corresponding dietary protein
concentration for zm_will be called the "optimum" dietary protein con-
centration, p . The equality in equation (3.38) cannot be satisfied in
all cases, for as it was pointed out earlier, some proteins of low
quality may not be capable of producing a maximum efficiency within the
limits of p under consideration. It should be noted that Zm oceurs
only with a single dietary protein concentration;%,mﬂﬁle other values
of z, when z is not a maximum, may occur with two different values of p.

After some simple algebraic manipulations, equation (3.38) can be

also written in the form
p = _.;_ 1n [zl;l —%5—] : (3.39)

Since p must be a positive guantity, it follows that

Z_l.;li_
m B

v
l_l

(3.40)

and

z, <L, (3.41)
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which gives an absolute upper bound for the value of ;m' Comparing the
result given in equation (3.41) with the result given in equation (3.38)
it is evident that the equality in (3.41) will hold only when p is

equal to zero, which falls outside of the limits for the system under

consideration. Therefore,

(3.42)

On occasions when a maximum efficiency is known to exist, explicit
solutions for g’and Zm.may'be desired for the comparison of these values
among different proteins. Such solutions can be obtained from equations
(3.38) or (3.39), but would involve some rather tedious algebra. A
simpler procedure for obtaining an expliclit solution for P, and hfance
for Zm since this value can be calculated once g)is known using
equation (5.21), can be outlined as follows. The numerator in equation

(3.35) can be written in the form

npe” 7P [:E(Bﬁ; oy ) +,%§ o e?%] , (3.43)

and the expression inside the brackets in equation (3.43) can be re-

written as
(@' +8'p) - &' = o, (p) - 0,(p) - (3.44)
The solution for P, is given when

o,(p) - ¢,(p) = 0. (3.45)
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The function ¢l(p) represents a straight line, while the function
¢2(p) is a simple exponential in p. A graph of ¢l(p) can be easily
obtained by calculating the value of ¢l(p) for two sultably spaced
values of p and joining them with a straight line, while the graph of
¢2(p) can be readily drawn using any standard table of values for the

function e*. When ¢l(p) and ¢2(p) are drawn using the same p scale for

the abscissas, the intersection of the two lines gives the point at
vhich the equality in equation (3.45) holds, and hence the solution

for R this can be read directly from the p scale in the graph. The
schematic disgram presented in Figure 3.4 i1llustrates the general nature
of the procedure.

The theoretical concepts developed in this chapter suggest that
the proposed model allows a fairly good characterization of the effi-
ciency curves used in the evaluation of protein quality. A systemsatic
study of this model should permit, therefore, the beginnings of a better
understanding of at least some of the critical factors which determine
protein quality. A procedure for estimating the basic parameters in

the model and thelr variances will be described in the next chapter.



¢,(p) - o,(p) =0

¢i(P): i=1,2

Figure 3.4, Schematic diagram illustrating a graphic method for the
solution of p 0"

[P
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CHAPTER IV

ESTIMATION OF THE PARAMETERS IN THE MODEL
AND VARIANCE OF THE ESTIMATES
L.1 Introduction
The data obtained in the course of biological trials for the
agssessing of the nutritive value of proteins consist of quantitative
measurements of some bioclogical response observed over a fixed period
of time when the proteins under study are fed at different concentra-
tions in the diet. Additionally, quantitative measurements reflecting
the net intake over the period of study are also available. The choice
of criteria and units used in the quantification of the data may vary,
but it should be possible in all cases to put this information in a
sultable form for calculating expressions of relative efficiency as de-
fined in equation (3.1) in Chapter III. From the relative efficiencies
and the dietary concentrations at which these were observed, estimates
can be obtained for the parameters included in the model as given in
equation (3.21) in the previous chapter. It should be noted, however,
that because of the nature of the model, any paremeter, with the excep-
tion of ¥, may be divided out of the model without changing the basic
structure of the system. It 1s evident, therefore, that all the param-
eters are not estimable, and at least one restriction is necessary to
meke estimation possible. In most cases this can be easily accomplished
by speclifying the value for one of the parameters in the model on the
basis of previous knowledge, or by selecting some reasonable reference
point for one of the parameters which may be chosen in a consistent

menner in all cases.
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A simple procedure for the estimation of the parameters and their

variances in non-linear models will be presented in this chapter.

4,2 Estimation Procedure

4.2.1 The Principle of Maximum Likelihood. A procedure which

uses the principle of maximum likelihood due to R. A. Fisher (1922),
yields estimators of the parameters with many desirable properties.
This procedure will be 1llustrated after introducing a new element in
the model under consideration.

In the previous chapter a mathematical model for the relative effi-
ciency of different proteins was developed and the biological signifi-
cance of its parameters discussed. For the discussion in this chapter,
it will be assumed that the errors in the model are normally and inde-
pendently distributed with expectation zero and a constant variance 02.

Thus, the model becomes
z = £f(p) + ¢, (k.1)

where f(p) stands as defined in equation (3.21) and € is the residual
random element mentioned above.
According to R. A. Fisher's definition of likelihood, the likeli-

hood function for a series of N observations obeying equation (k.1) is

given by
> 2
el = 12 exp 4 - ——lE |z - ﬂgg— , (4.2)
2nc 20 p

where the summation is over the N observations in the sample.
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Maximizing the likelihood is equivalent to maximizing the natural log-

arithm of the likelihood. This is given by

: >
1 _ta"7P
I = - _EN— ln(2:t0'2) - ;? ZI:Z - Baf_—gp— . (4.3)

The meximum of L is obtained by differentiating equation (L4.3)
with respect to each of the unknown parameters, setting each partial
derivative equal to zero and solving the set of simultaneous equations
thus obtained.

The resulting set of equations will be non-linear in the parameters
and, as it commonly happens in these cases, will not have explicit solu-
tions for the values of the parameters which make the likelihood a max-
imum. There are several alternate general procedures which msy be
employed for solving such equations (Scarborough, 1950). OFf these, a
method due to Newton and first applied by Gauss for maximizing the like-
lihood embodies many desirable features. The procedure uses deriva-
tives for successive approximations to the maximum point, and actually
leads to least squares estimates of the parameters. However, under the
usual assumption of normally and independently distributed errors with
zero expectation and variance 02, the least squares estimates are the
same estimates obtained by the method of maximum likelihood. This
approach for obtaining maximum likelihood estimates for the non-lineear
case is commonly known as the Gauss-Newton method, although sometimes
it is also called the Newton-Raphson method. The general procedure

followed will be outlined in the next section.
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h.2.2 The Gauss-Newton Method of Estimation. Consider a -non-

linear model of the general form
Jy = f(_@_, x) +e, (h"h')

where y is a dependent variseble, © 1s a vector of r parameters to be
estimated, x 1s an independent variable and € 1s a random error
NID (O, 02). Substituting the maximum likelihood estimates b for the

parameters 6, equation (k4.4) becomes

y = f(P_: x) +e (l"-5)

where e 18 an estimate of the random element in the model. An estimate

of an observetion is given by
¥ = £(b, x) . (4.6)

By Taylor's theorem any continuous function such as the one given
in equation (4.6) can be expanded in terms of its partial derivative

as follows:

~ A ~
A _ oy d %)
Foy, v an | A0+ S| any e +6%; ab, +D  (4.7)
o o

]'O 2
or
22| s, o3 %
AT = b, + Db, + eee + &b + D (4.8)
AR AR
o o o
where Ay = Y-¥gs &by =Dby-by , 1 =1,2,...r. The subscript (o) indi-

cates that all quantities are evaluated at some reasonsble trial value
of the constants involved in each case, while D consists of the terms

of higher order in.Abi.



Assuming that the higher order terms in.Abi are negligible, a

first order approximation is given by

A [ ] [ ] [ ] [ )
&Y = By¥qg ¥ BV ¥ttt ¥ Bl (4.9)

where Bi = Abi, &10 = g%L and the symbol = means approximately equal.
i

Now, equation (4.9)is an orginary regression model in which the quanti-
ties Af are the dependent variables, B:I. are the famlliar regression
coefficients and the quantities jio the independent variables. The
values of the latter are obtained by evaluating each partial derivative
at some trial value for each parameter; the evaluations are carried out
in each case for every value of x, the original independent varieble
considered in the model as given in equation (L4.L4). Estimates of the
constants in this situation then are readily obtained through the di-
rect application of ordinary regression analysis. Estimates of the
variance for the parameters in the original model are also obtained
simuiltaneously through the estimates of the variance of the B's in
equation (4.9).

The B; in equation (4.9) are corrections which are applied to the
trial values of the parameters to obtain new "improved" trial values.
The process is repeated successively as many times as necessary for
convergence. When the system 1s converging, the iterative cycles
should result in a net decrease in the sum of squared differences be-
tween the observed and fitted values of y. In the next section it will

be shown how the Gauss-Newton method can be used for the estimation of

the parameters in the model obJect of this dissertation.
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4.2.3 Application of the Gauss-Newton Method. For the application

of the Gauss-Newton method it 1s necessary to obtain some reasonable
trial values for the parameters to be estimated; these initial values
are used for starting the series of iterations. Success in approxi-
mating closely the solution values of the parameters with the trial
values selected is critical for the convergence of the system. It is
often possible to use prior knowledge in the selection of the necessary
"educated guesses", but more often the trial values are obtained from
graphs of the information available, or by solving simpler equations
inherent to the system under consideration.

In the case of the proposed model for the efficiency of proteins,
the trial values of the parameters for initiating the iterative proce-
dures were obtained as follows. A graph of the same general nature as
those presented in Figure 3.1 was constructed by plotting the observed
responses against protein concentrations in the diet. An approximation
to the maximum attainable response, 1, 58y, vas read directly from the
graph, and then used as a value of 1 for obtaining approximate values

go and /A for £ and y respectively from the relation

Q=n-te’P, (4.10)
When 7 tekes the value 7, equation (4.10) can be written as

K=¢te (4.11)

where K = (no-Q). Equation (4.11) can thence be linearized by teking

logerithms and expressing 1t as
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K' = E.c') - 7OP ) (4.12)

where K' = ln(no-Q) and £) = 1n ¢ ; & and y are the approximate solu-
tions sought for € and y, and p is the protein concentration in the
diet. Estimates for go and 7o in equation (4.12) are immediately

available through the spplication of simple regression analysis. These

are .
A = (K'pil*
7o E: (pg)]* ’
. (4.13)
L =K' +7p
and

N
= antilog ' .
0

The symbol ¥ indicates that the quantities in the brackets have
been corrected for their means; K' and T are the arithmetic means for
K' and p respectively.

A linear regression approach can also be used for obtaining esti-
mates ao and Bo for initiating the iterative procedure. In this case,
the observed values of protein consumed at different levels of p can
be used as spproximations, I0 say, for the values of I, and thence

~
estimates ao and 60 may be obtained by simple regression analysis from

the relation Io = ab + Bop. These estimates are:
*
8 I:E (IOP)]
— 2 * »
> = 2°)]
and (4.14)
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Again the asterisk indicates that the quantities in brackets have been
corrected for their means, and io and p are the arithmetic means for IO
and p respectively.

Other procedures could be used, but the one suggested has the
advantage of permitting a falr degree of consistency and sufficient
accuracy in determining the parameter values necessary for initiating
the iterative series for obtaining the estimates of the parameters
included in the model.

As it was mentioned before, not all the parameters in the model
are estimeble, and at least one of them must be held constant in order
to estimate the others. ©Since reasonably falr approximations for either
the meximum response (1) or the effective average food consumed (B)
during the experimental period may be obtained directly from the basic
datea obtained in any biological trial, either one of these two param-
eters could be held constant through the iteration and thus, in a sense,
serve as a reference point in the parameter space for the solution of
the other parameters in the model. The parameter ¥, which estimates
the rate of curvature, is independent of the reference point chosen,
but all the other parameters are affected equally by the choice in
reference point since the model to be fitted is given in the form of a
ratio. It should be noted that the parameter which is held constant
during the iterative procedure does not have a variance. In the series
of iterations which will be discussed in the next chapter, the parameter

n was held constant at the value Nys 88 determined for each case.
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Now, from the equation for the model given in (3.21) the partial
derivatives of z=f(§,p) with respect to the paremeters to be estimated

are:

2 _ e 7P o
EH a +gp Y10
oz _ __pee’P _ ¥
oy a + B 20
~ (4.15)
az _ T]"' gg-yp _ y.-
X (o + pp)? o
ag = (TI' e-7P)P =
B =2 = Y,

(o + pp)°

Using the initial trial values of the parameters No? go, 7o a,
and B the values of z and &io (1=1,2,3,4) are computed for each of
the N observation points. The values AZ = (z-zo) are then regressed on
the &io varisbles according to equation (4.9) to obtain the first set

th

of estimated corrections, B for the initial value used for the 1

io’?
parameter. Applying this correction to the initial values of the param-
eters, a new set of improved estimates gl, 710 O and Bl is obtained;
recall that o is to be held constant and no correction is estimated
for this parameter. Now, using T and the improved values gl, 795 ai,
and Bl, new values for the dependent variables, iil say, are computed
and the regression procedure repeated to obtain a new set of correc-

tions, B for the estimates of the parameters. The process is re-

i1’

peated as many times as necessary for convergence.
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On approaching convergence, the correction estimates will diminish
and tend to zero, the estimates of the parameters will become stable
and the sum of (A.'z‘)2 becomes & minimum. These properties are illus-
trated in Figures 4.1, 4.2 and 4.3. The graphs presented were con-
structed using the successive results obtained in the course of a
sequence of iterative cycles required for fitting the model to the
results of a protein feeding trial conducted with rats. The details
of this triel will be considered in the next chapter, along with others,
when discussing the practical application of the model.

To obtalin estimates of the corrections for the parameters, the
regression coefficients in equation (4.9), it becomes necessary to
golve a set of normal equations. In the case of the model under con-
sideration with four estimsble parameters, the normal equations for N

sample points are given by

[r'y]z =[r]z (%.16)

where
_0 . [ ] . -1 -A g -AZ 1
Y11 Y12 Y13 Y1y : 1
Y21 Y22 Yoz Ypy a7 82

Y=1|"° s, B= |[Aa|leandz = | (4.17)

’ .
m e Y Ym AP Az
| - . I

The elements &ij in[:Y] are the partial derivatives with respect to the

th

3°" parameter (J=1,2,3,4) as given in (4.1k), and evaluated at the R
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sample point (1=1,2,....N) for a given set of parameter values obtained

in the course of the lterative procedure. Note the change in subscript
notation to conform with matrix conventions, where i is the row and J

the column designation.

The solution for B in (4.16) is given by
' =1, '
B=[Yy]" vz (4.18)

vhere [Y'Y:I-l is the inverse of [Y'Y].

The iterative procedure requires a new set of normal equations as
given in (4.16) and a corresponding set of solutions as given in (4.18)
for each iteration cycle. Without access to a high speed computer the
task would be very tedious and time consuming. All the calculations in
the present study were performed using an IBM 650, magnetic drum data-
processing machine. The next section is concerned with a, general com-
ment on the program used in the iterative solution of the parameters
in the model proposed in this dissertation.

L.2.4 Comment on the Brogram Used for the Iterations. In

programming the iterative scheme for estimating the parameters in the
model under consideration, an interpretive system developed at Bell
Telephone Laboratories (Wolontis, 1956) was employed. This system
transforms the IBM 650 into a three-address, floating decimal general
purpose computer. The Bell interpretive system was chosen because it
is relatively easy to use, and in addition is versatile and has a rea-
sonably high speed of computing with full accuracy and sufficlient range
for elementary transcendental functions (and error less than one in the

eighth digit). In fact, it is conceivable that with a minimum of
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instruction and a few simple examples, a person without any previous

programming experience could utilize successfully this system, and

acquire sufficient experience in a short period of time to permit a

falr efficiency in performance.

The program employed in this study can be outlined as follows:

1.

Read in the initial values for the parameters in the model.

Read in the observations p, and z, (1=1,2,...N).

For the first observation point compute and store in separate

locations the value of each partial derivative as given in

(.15)and the value of zi-g .

Compute and store cumulatively in separate locations the squares.

and crossproducts of the quantitlies computed in three sbove.

Change the necessary addresses of storage locations to intro-

duce the next observation point in the series.

Repeat N times the operations described in three to five above,

to form the matrix [Y'Y]and the column vector Y' z as defined

in equation (4.17).

Carry out the forward solution of the abbreviated Doolittle

procedure (Anderson and Bancroft, 1952) and compute:

a. The values of the regression coefficients in equation
&.16).

b. The sum of squares due to regression and the sum of squares
after regression.

Apply the corrections (the regression coefficients calculated

in 7a) to the corresponding parameters and compute and store

the resulting improved values of the parameters.
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9. With the improved values of the parameters repeat the complete

procedure, beginning at step three.

Optional program stops were included either to display on the IBM
650 console pertinent results at convenient intervals, and/or to intro-
duce manually any instructions necessary  for the activation of addition-
al subroutines as desired.

In non-linear situations, curvature in the parameter space may in
some cases exaggerate the estimates of the successive corrections for
the parameters, often leading the iterative procedure outside of the
boundaries of the region of convergence. In such cases, the introduc-
tion of certain restrictions in the iterative procedure may be helpful
in preventing overly large oscillations. A procedure suggested by
Wegstein (1958) and described by Turner (1959) was useful in the itera-
tive solution for the parameters in the model under consideration. In
this case, the restriction was imposed directly on the correction
values by applying in each case some arbitrary fraction of the esti-
mated corrections to the parameter values to obtain the improved values.
This procedure was included in the program as a subroubtine and succes-
sively decreasing or increasing fractions of the corrections were uti-

lized as needed.

k.3 Asymptotic Variances and Confidence Limits of the Estimates
One of the advantages in employing the iterative scheme described
in the previous section is related to the estimates of variance for the
estimates of the parameters. The regression apprcach followed gives

the solution for successive corrections to the parameters. In the
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limit, then, the variance of the final correction estimates should be

an estimate of the varlance for the estimates of the parameters. In a
similar situation, Turner (1959), has shown that under certain condi-
tions the asymptotic results will suffice for the case of small samples.
It should not, however, be ignored that the possibility of bias always
exists for a maximum likelihood estimator.

The solution to the normal equations for the regression case under

consideration was given in equation (4.18) as
B=[ry[t vz .

In this case an estimate of 02 is given by

82 = ﬁ —IE - .:E'Y' ..Z.] 5 (11_.19)

and then, the estimated variances for the regression coefficients,
equivalent in this case to the variances of the estimates of the param-

eters, are given By

2 _
2 o
(4 .20)
2 _ 2
2 2
Sé = Ch_hS »

where c , are the diagonal elements of [}“Yj-l .

Similarly, from regression theory, the variances for the predicted

values of z given p can be obtained from
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2 o
(3/p) =5 R FOETF (4.21)

where &i and jd are evaluated for the given p.

Since the estimates of the parameters are least squares estimates
and equivalent to maximum likelihood estimates, they should be asymp-
totically normally distributed and should approach asymptotically the
true values of the parameters with variasnces as given in equations
(4.20) and (4.21). Asymptotically then, the confidence limits for the

various estimates are given by

N A
. < < + t SaA
: x E = Jg x E
A A
a-tﬂsa5a§a+tﬂsf~
: (4.22)

z/p “%3(3/p) S (2/P) < ?/PJ{ %= /p)

with (1-.) confidence, where t. is student's t for the # level of

significence with N-4 degrees of freedom.



CHAPTER V

APPLICATION OF THE MODEL AND DISCUSSION

5.1 Introduction

Although the assessment of protein quality has received consider-
able attention in the past, most of the data available have been
obtained using single dietary protein concentrations, and are not ade-
quate for testing the mathematical model proposed in this dissertation.
In a few instances, however, it has been possible to use some of the
published results to calculate from the observations reported the
necessary basic information for fitting the model under study for a

preliminary exploration of its usefulness in practice.

5.2 The Data
It was possible to express in a suitable form for fitting the
model the data obtalned in eleven different experiments in which seven
different kinds of protein were evaluated. The experimental procedures
followed, however, were not the same for all the experiments, and ac-

cordingly, some of the pertinent circumstances of each set of experi-

ments considered will be briefly described in this section.

5.2.1 Experiments Conducted by Barnes and Associstes. Barnes,

et al., (1945) conducted three experiments for the evaluation of the

nutritive value qf the protein in whole egg (petroleum ether extracted,
spray-dried), heated soyflour, and wheat gluten. In these experiments,
male albino rats (Sprague-Dawley strain) of weaning age were placed in

individual wire bottom cages and fed a commerciel diet (Purina Fox Chow)
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for three days. At the end of the pretest period, the rats were dis-

tributed according to weight in groups of eight, returned to their
individual cages, and then each group was randomly assigned to one of
seven different protein levels in each test diet. The test diets dif-
fered only in the source of protein they contained (for further details
on the composition of the basal ration, see Barnes, et al., 1945). The
protein sources replaced carbohydrates and.fat in the basal ration, so
that all the test diets remained isocaloric. The experimental period
had a duration of 42 days, and the trials were conducted under the

usual ad-libitum feeding conditions. Weight gains and food consump-

tions were measured throughout the experimental period, and from these
observations the protein efficiency ratios (OSborne,.gz_gl., 1919) were
calculated for each protein source. The data derived from the graphs
of the results of these experiments as given in the original articles,
are presented in Table 5.1.

5.?.22 Experiments Conducted by Bosshardt and Associates. While

searching for a simplified biological procedure for the evaluation of
protein quality, Bosshardt, et al., (1946) studied the protein values
of casein, whole egg (coagulated, acetone extracted), and wheat gluten.
These experiments were conducted with weanling albino mice (Sharp and
Dohme, Swiss-Webster strain), 15-16 days of age and weighihg from 7.0
to 9.0 grams. The mice were distributed according to weight in groups
of seven, placed in individual wire bottom cages, and then each group
randomly assigned to one of the different protein levels studied with

each protein source. The test diets differed only in their source of
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Table 5.1. Average welght gains and protein efficiency ratios (PER)a
observed when feeding weanling rats for 42 days with
different protein sources. Eight rats per group.

SOURCE OF PROTEIN

Dried whole egg Heated soyflour Wheat gluten

4 Protein Weight % Protein Weight % Protein Weight
in gain  PER in gain PER in gain PER

the diet (grams) the diet (grams) the diet (grams)

4.10 10 1.30 6.00 18 1.20 8.40 0 0

5.80 58 3.25 T.70 37 1.60 10.20 7 0.30
7.90 98 3.60 9.40 65 2.00 12.40 9 0.40
9.90 150 3.80 11.50 75 2.10 14.60 18 0.50
13.70 170 3.40 14.80 112 2.00 20.80 Y2 0.80
19.00 170 2.25 18.50 140 1.80 31.50 85 0.80
38.70 177 1.00 27.70 150 1.40 43.00 150 0.80

aGain.per unit of protein consumed. This table was constructed
from the summary charts of the original observations as presented by
Barnes, et al., (1945).

protein and the basal ration used had been shown previously to support
good growth for mice (for further details on the composition of the test
diets, see Bosshardt, et al., 1946). The customary procedures for

ad-libitum feeding were followed during an experimental period of 20

days.
For the evaluation of casein, the protein efficiency ratios of
Osborne, et al., (1919) were determined, while carcass nitrogen gain was

used for the calculation of the protein efficiency of whole egg. Both weight
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gains and carcass nitrogen geins were used in the case of wheat gluten.
The carcass nitrogen gain was established by sacrificing a group of
mice at the beginning of the experiment, determining their carcass
nitrogen content and subtracting this value from the carcass nitrogen
determinedlin the mice sacrificed at the end of the experiment in each
diet group.

The protein efficlencies derived from carcass nitrogen gains were
expressed as nitrogen gains per unit of nitrogen absorbed. In order to
determine the absorbed nitrogen, the feces were collected throughout
the experimental period and pooled for each diet group for the nitrogen
determinations. The nitrogen analysis of the diets, feces and carcasses
were carried out by the Kjeldahl procedure.

The results from these experiments, as derived from the charts

presented by the authors, are shown in Tables 5.2 and 5.3.

D.2.3 Experiments Conducted by the Institute of Nutrition of

Central America and Panama (INCAP). The Institute of Nutrition of

Central America and Panama in Guatemala City, has recently developed a
formule for a vegetable mixture, INCAPARINA, which through the comple-
mentation of the proteins in its ingredients results in a food with a
net protein of good quality (Bressani, et al., 1961). This. vegetable
mixture has been intensively tested in both experimental animals and
humans with satisfactory results. Data from one of these trials in
which the new formula was compared with casein and dried skimmilk will

be used for fitting the model.
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Table 5.2. Average weight gains and protein efficiency ratios (PER)®

observed when feeding weanling mice for 20 days with
different protein sources. Seven mice per group.

SOURCE OF PROTEIN

Casein Wheat gluten
% Protein  Weight gain ppo % Protein Weight gain ppo

in the diet grams in the diet grams

5.00 1.62 0.95 -- -- -~

6.25 4.10 1.40 8.12 1.11 0.35
8.50 9.00 1.78 11.69 2.20  0.50
11.22 12.60 1.70 12.50 3.49  0.59
14.69 12.30 1.30 15.50 L.hy1  o0.61
16.94 13.90 1.15 18.31 5.56  0.65
22,89 13.60 1.05 25,50 9.41  0.70
37.50 13.50 0.70 33.56 10.41  0.72

%Gain per unit of protein consumed. This table was constructed
from the summary charts of the original observations as presented by
Bosshardt, et al., (1946).

These experiments were conducted with weanling male albino rats
(Wistar strain, INCAP colony) weighing approximately fifty grams at the
beginning of the trials. The rats were distributed by weight Iinto
groups of six and placed in individual wire bottom cages. ZEach group
was then randomly assigned to one of the different levels of dietary
protein furnished by either INCAPARINA, casein or dried skimmilk. The

protein sources were carried isocalorically in a standard basal ration
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Teble 5.3. Average carcass nitrogen gainsand protein efficiency ratios
(PER)®-observed when feeding weanling mice for 20 days with
Seven mice per group.

different protein sources.

SOURCE OF PROTEIN
Whole egg Wheat gluten
% Protein Carcass nitrogen PER % Protein Carcass nitrogen PER
in the diet gain, grams in the diet gain, grams
}.12 0.77h 0.43 5.75 0.072 0.05
5.44 1.302 0.51 8.12 0.258 0.09
T4k 2,034 0.52 11.69 0. Ll 0.10
10.81 2.376 0.38 12.50 0.660 0.13
12.62 2,382 0.32 15.50 0.864 0.1k
15.25 2.472 0.29 18.31 1.080 014
19.62 2.712 0.26 25.50 1.728 0.15
36,62 2.412 0.12 33,56 2,016 0.15

®Gain per unit of nitrogen absorbed.

from the s

This table was constructed

charts of the original observations as presented by
Bosshardt, et al., (1946).

which has proved adequate for good growth in rats; the experiments were

carried out under the usual ad-libitum feeding conditions.

Complete

details on these trials will be published elsewhere (Bressani and Elias,

1961).

In this case, the actual observations were available in a form

suitable for fitting the model.

This information is given in Table 5.k.
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Table 5.4. Average weight gains and protein efficiency ratios (PER)?
observed when feeding weanling rats for 28 days with

different protein sources.

Six rats per group (Bressani

end Elias, 1961).

SOURCE OF PROTEIN
INCAPARINA Casein Dried skimmilk
% Protein Weilght % Protein Weight % Protein Weight
in gain PER in gain PER in gain PER
the diet (grems) the diet (grams) the diet (grams)
5.16 11 0.75 5.75 30 1.83 5.70 36 2.34
5.82 22 1.23 6.75 52 2.07 T.11 63 2.72
10.28 gk 2.03 8.20 67 2.27 - - e
10.58 89 2.04 10.25 96 2.29 10.26 117 2.88
14.78 133 2.00 15.31 1k2 2.1k 12.23 123 2.58
15.48 125 1.85 - - = 14,31 127 2.2%
18.48 149 1.71 - ce me - O
19.60 129  1.67 20.10 15 1.83 19.62 148 1.94
22,61 156 1.51 -- -- -- -- = s
2).50 147 1.ke 24,91 184 1.73 23,52 133  1.48
®qain per unit of protein consumed.
5.2.4 Experiments Conducted by Bressani end Mertz. Bressanl and

Mertz (1958) have studied the relationship of the dietary protein level

to the minimum lysine requirement of the rat.

These authors employed in

their studies corn gluten protein enriched with essential amino acids

to match in all cases, excepting lysine, the essential amino acid con-

tent of egg protein.

The enriched corn gluten protein was fed to groups
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of six weanling male rats (Wister strain, Department of Biochemistry

Colony, Purdue University) for 28 days under ad-libitum feeding condi-

tions. The effects of graded levels of lysine additions were studled
at different dietary protein concentrations. (For details on the basal
ration employed see Bressani and Mertz, 1958.) From the data included
in the report of these suthors it was possible to obtain sufficient
sample points for PER for varying dietary protein concentrations at
one level of lysine addition (0.80%). Unfortunately the other levels
of lysine supplementation did not include sufficient dletary protein
concentrations to fit the model and to permit a comparative appraisal
of the results. The results from the experiment used in this disserta-
tion are given in Table 5.5.
Teble 5.5. Average welght gains and protein efficiency ratios (PER)®
observed when feeding weanling rats for 28 days with an

essential amino acid enriched corn gluten protein. Six
rats per group (Bressani and Mertz, 1958).

_% Protein Weight gain PER
in the diet grams
8.00 59 3,0k
12.00 119 3.15
16.00 126 2.56
20.00 125 2,00
24.00 122 1.71
32.00 115 1.26
40.00 2 0.87

8Gain per unit of protein consumed.
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5.3 Results and Discussion
The graphs of the fitted curves for each set of data considered

are presented in Figures 5.1, 5.2, 5.3, 5.4 and 5.5. The estimates
of the various parameters included in the model and their standard
errors for each set of data fitted are presented in Table 5.6. The
medians and the geometric means of the coefficients of variability
averaged over all estimates of each parameter are also included in this
table. Additionally, using the estimates of the parameters, the values
of some ancillary constants which have or may have some biological im-
portance were calculated. These results are shown in Table 5.7.

5.3.1 Graphs of the Fitted Curves. Examination of Figures 5.1,

5.2, 5.3, 5.4 and 5.5 shows that in general all attempts to fit the
model to the data available resulted in fairly good fits. Better fits
were obtained in some cases than in others, but for all cases the be-
havior of the iterative procedure was as illustrated in Figures 4.1,
4.2 and 4.3 in Chapter IV using the INCAPARINA. results.

The poorest fit to the model occurred with the dried whole egg
data of Barnes, et al. (1945) presented in Figure 5.1. In this case,
the relatively poor fit can be attributed to the odd positioning of
the observation points in the region of maximum efficiency and the in-
ability of the model to conform with the resulting distortion in the
general shape of the efficiency curve. In the course of these experi-
ments, Barnes, et al., (1945) discovered symptoms of a biotin defi-
ciency in the rats fed the dried whole egg diets; accordingly, biotin

was added to these diets at the end of the fourth week of trial. As a
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Figure 5.2, The model for protein efficiency (Equation 3.21:) fitted to the
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for calculating the protein efficiencies.
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sponse. for calculating the protein efficiencies.
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Figure 5.4 The model for protein efficiency (Equation 3.21) fitted to the
INCAP data (Bressani and Elias, 1961). Weight gains used as
response for calculating the protein efficlencies.
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result, the rats fed the diets with lower protein concentrations (4.1
and 4.8% respectively) continued galning weight as before, but the rats
fed higher protein concentrations galned weight faster after the addi-
tion of biotin. In both cases the protein consumption remained prac-
tically unchanged, resulting in a distortion of the protein efficiencies
observed. This suggests that departures from good fits may well be the
result of second or higher order effects (interactions) not included in
the model, and in such case the relative adequacy of the test diets in
essential nutritive factors other than protein should be re-evaluated.
The shapes of the fitted efficiency curves conform with the concepts
outlined in Chapter III. The proteins in foods of animal origin (whole
egg, casein, and skimmilk) in general result in higher maximum effi-
ciencies at lower dietary protein concentrations than the proteins in
foods of vegetable origin (soyflour, INCAPARINA, and wheat gluten). It
should be noted, however, that quality gradients occur in the two gener-
al kinds of proteins mentioned, and these are reflected in differences
in the shape of the efficiency curves. Another lmportant feature of
the fitted curves pertains to the similarity between the efficilency
curve obtained for corn gluten enriched with essential amino acids and
the efficiency curves obtained for whole egg and skimmilk. Without
amino acid enrichment, corn gluten would be expected to result in an
efficiency curve simllar to that of wheat gluten. The results obtained
with the enriched corn gluten diets (Figure 5.5) illustrate clearly
that 1t is possible to improve the nutritive value of proteins from

vegetable sources through proper essential amino acid supplementation.
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The proposed model should be particularly useful in such experiments
making possible a more accurate determination of the proper level of

added amino acids.

5.3.2 Estimates of the Parameters and Their Standard Errors.

With the exception of the parameter estimates for casein, which will be
discussed separately, all the parsmeter values estimated conform with
what would be expected on the basis of present knowledge concerning the
quality of the proteins studied. In the discussion which follows, the
estimates of all the parameters with the exception of ? will be con-
sidered within the framework of the particular experiment for which
they were estimated; this is necessary because the estimates of maximum
response ('qo) , effective food consumption (B), and hence % and &, are
conditioned by the duration of the trials and the animal species used.
Whenever possible, however, some effort will be made to arrive at rea-
sonable genérslizations.

The proteins of animal origin produced largeér maximum responses
(no) than the proteins of vegetable origin; the only exception occurred
in the case of skimmilk which gave a slightly lower value than the one
estimated for INCAPARINA. This, however, is not a surprising result
for INGAPARINA is a mixture of vegetable proteins which complement
thelr essential amino acid contents to result in a net protein of high
quality. Additionally, it is not unreasonable to expect that skimmilk,
when fed in high concentrations to rats, would result in conditions
wvhich would tend to limit the total food intske. It is well known, for
example, that high lactose diets fed to rats produce a condition similar

to diarrhea, which may limit the appetite of the animals.
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Table 5.6. Paremeter estimates and their standard errors.

Source Estimated value s
of A A A Y
protein no 4 SE 7 S? @ ﬁ& B Sa

1. Experiments of Barnes and associates with rats. Weight gain used
as response.

Whole egg 177 Lok.24 107.94% 22.96 T.18 - 0.20 6.89 3T74.86 22.31
Soyflour 150 340.50 30.38 19.00 1.68 14.58 6.19 347.36 11.57
Wheat gluten 150 216.43 9.81 L4.23 0.59 13.24 5.74 312.92 15.03

2., Experiments of Bosshardt and associates with mice. Weight gain
used as response.

Casein 13.6 68.27 13.52 39.78 3.84 2.38 0.47 149.18 2.42
Wheat gluten 10.4 11.73 6.80 2.09 0.81 - 0.37 0.49 20.21 2.59

3. Experiments of Bosshardt and associates with mice. Carcass nitrogen
gain used as response.

Whole egg 2.7 L4.97 0.23 19.02 1.33 - 1.47 0.46 61.44 L.28
Wheat gluten 2.0 2.1% 0.17 3.70 0.50 3.15 1.46 L46.29 6.93

4., Experiments of INCAP with rats, Weight gain used as response.
INCAPARINA 156 268,09 20,87 12.09 1.89 - 5.96 1.52 431.41 34.35
Casein 184 244,38 27.55 T7.28 1.35 - 9.15 2.21 379.86 31.28
Skimmilk 148 383.80 35.32 25.87 5.29 3.7k 2.08 386.67 27.33

5. Experiments of Bressani and Mertz with rats. Weight gain used as
response.

Corn gluten

+ 0.80% Lys 126 L402.84 52.39 19.08 2.84 -17.18 2.98 373.80 26.80

C.V.%-
geometric mean 11.5 13.4 49.2 T4
C.V.%-median 9.2 14.9 4o .4 7.1

Bcoefficient of varisbility.
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The estimates of & are dependent on the values of ﬁ and ? and seem
to have little biologicel meaning other than serving as a scaling factor
in the system. Note that the estimates of & follow a pattern similar
to that for the estimates of n and 7.

The estimated values of the parameter 7 appear to be relatively
independent of both species and the duration of the trials. For the
different proteins studied they agree with present knowledge on the
quality of these proteins. The estimates of ¥ were generally higher
for the proteins of animal origin, intermediate for heated soyflour
and INCAPARINA, and low in all cases for wheat gluten. Of particular
interest is. the relatively high value of the estimate of y for the
enriched corn gluten protein. Without the amino acid enrichment, the
value of ? for this protein should be similar to the value estimated
for wheat gluten. This suggests that y mey well be a reasonably good
index of the essential amino acid balence in the protein, and as such
can be valueble in the interpretation of amino acid supplementation
studies.

The estimates of y apparently are not affected by conditions which
may limit focd intake; note that the value of ? for the skimmilk diets
falls within the order of magnitude expected for this protein source
and is similar to the estimate obtained for the whole egg diets,

The estimated values of @, which determine the efficiency factors
for the effective food consumption, are varieble and a direct interpre-
tation of their biological meaning is difficult. It should be noted,

however, that & tends to be generally negative for proteins of high
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quality and positive for proteins of low quality. Two exceptions,
other than the erratic behavior of casein, are apparent. These
occurred in the case of soyflour and skimmilk, and both of these
protein sources are known to possess attributes which may limit food
consimption.

The estimates of effective.food consumption generally rank as
expected. They are generally lower for the proteins of lower quality,
probably because of a lower total calorie requirement. Soyflour and
skimmilk result in lower estimates of effective food consumption than
might be expected for these protein sources.

The standard errors of the estimates of the parameters presented
in Table 5.6 exhibit considerable variation, and as suggested in
Chapter IV may not be free of bias. However, with the exception of the
estimates associated with 3, the standard errors appear to be of rea-
sonable magnitude as indicated by the geometric meens and the medians
of the coefficients of variability calculated over all the estimates.

5.5.5 Ancillary Constants. When functions of the parameters are

used for calculating the ancillary constants presented in Table 5.7,

the inconsistencies in the estimates of the parameters previously dis-
cussed seem to be minimized, and the calculated values for the constants
considered agree with what would be expected on the basis of present
knowledge about the quality of the protein sources studied. Proteins

of better quality should result in greater efficiencies at lower dietary
concentrations. Similarly, the better quality proteins should result

in a balance (neither gain nor loss) with respect to response at lower
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5.7. Values of ancillary constants derived from the fit to the mode1?,

Source Animal Source Response Z P, o

of data species of protein measured
EZigz?: lgys Tat  dried vhole egg ngfﬁf 3.78 0.0823 0.0359
Ezi;i?fd§§h6 mice dried whole egg "z on®  0.50 0.0590 0.0318
EziZE?fdiéhs mice casein “zifif 2.87 0.0863 0.0405
gigzzfniggid rat  casein “zifﬁf 2.28 0.0950 0.0392
g{fzgfni92§d rat  skimmilk “g:fﬁf 2.88 0.0850 0.0368
gzigif: 1oks Tob  heated soy flowr T 2.04 0.1268 0.0579
E{;::?ni92§d rat  INCAPARINA wzifgf 2,05 0.1075 0.0448
zgigi?: 1gy5 T8t  vheat gluten “zifgt 0.8% 0.2924 0.0878
Ezi;£?fdf§46 mice wheat gluten wZifEf 0.74% 0.2350 0.0512
nggi?fd§§45 mice wheat gluten N goin  O0-16 0.2045 0.0157
ressent e moeloom NN oo oo o oo

El;m = maximm efficiency; P, = optimum protein concentration, i.e.,
that concentration at which the maximum efficiency occurs; Py = protein

concentration for "bglance" or "maintenance", i.e., that concentration
of protein at which neither gains nor losses are observed.
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dietary protein concentrations than the proteins of lesser quality.
With proteins of very poor quality the results mey be variable because,
in these cases, neither the maximum efficiency nor the corresponding
dietary protein concentration are sharply defined. Similarly, the
responses observed at low dietary concentrations of poor quality pro-
telns can be expected to be very variable, and therefore, the value of
the protein concentration required for balance may also be poorly de-
termined. The results presented in Table 5.7 for the different pro-
teins studied agree well with the concepts outlined above. Additionally,
these results seem to suggest that the values of these constants are
fairly independent of species; the results for the meximum efficiency
index are, of course, dependent on the response criteria employed, but
can be easily converted to a common scale. In the present case, the
results obtained when using carcass nitrogen gain as a response are
equivalent to those obtained when weight gain was used as response,
making the proper correction for water and fat content of the body.

5.3.4 Remarks on the Casein Experiments. The erratic behavior

of the estimates of the parameters for casein (Table 5.6) is not bio-
logically impossible. Casein is known to be variable in quality and
capable of producing extreme results when biologically tested. The
procedures followed in the processing of this product can be critical
and may affect its nutritive value. Different grades of casein cover-
ing a wide range of purity specification are available in the common
market. The apparently contradictory results in the parameter esti-
mates in the two casein experiments could be attributed to the use of

two casein products of different grades of purity. There are, however,
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some peculiarities in the basic data used to fit the model, which
suggest that factors other than differences in purity may contribute
to the observed discrepancies.

In the INCAP data on casein (Bressani and Elias, 1961) presented
in Table 5.5, an added response in weight gain seems to occur when the
diet contains 25% or more protein. This is not an unlikely result.
Casein is known to be limiting in cystine-methionine (Mitchell, 1959),
tryptophan and isoleucine (Frost, 1959) in that order of importance. If
the relative excesses of the other amino acids with respect to the limit-
ing factors are not detrimental to the animal, & response increment can
be expected to occur at the higher levels of dietary protein. This
response increment would tend to diminish the rate of decrease in effi-
ciency, if the food intake remsins essentlally constant, damping the
curvature of the system. This condition would be reflected in a low
value of 7, as was the case with the estimate derived from the INCAP
casein experiment (Table 5.6).

The results from the casein experiment conducted by Bosshardt,
et al., (1946) cannot be explained in the seme manner. In this case,
either the authors used a casein of a much better grade of purity, or
else random fluctuations in the observations at the critical point in
response curvature resulted in an artificially high value for the esti-
mate of y, with & corresponding increase in the value of E. It should
be recalled that in this case the original data were not avallable for
the fitting and the sample points used had to be calculated from the

summary graphs in the published reports. Unavoidable errors are
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introduced in using this approximate procedure. In this connection,
the data presented in Table 5.2 suggest that either one or two obser-
vations (p = 14.69 and p = 16.94) may be out of line and may be
responsible for the high value of the estimates of y and £. The esti-
mate of 7, which is determined by the curvature in the system, can be
affected by errors in the observations, specially when these occur near
or on the region of maximum curvature for the response considered.

This effect can be particularly marked when the fitting is done on the
basis of a small number of sample points. In this case it was con-
sidered adyisable to use an alternate estimating procedure (Stevens,
1951) for fitting the numerator of the model alone and verify the re-
sults obtained when fitting the complete model. The results given by
the alternate method of fitting were essentially the same as before and
also resulted in a discrepancy in the estimates of y and & of the same
order of magnitude as reported in Table 5.6 for the two casein experi-

ments.

5.4 General Comment

The proposed model for the nutritional evaluation of proteins gives
useful information for a better understanding of 'the factors which de-
termine protein quality. The results described in the previous section,
however, suggest that additional research is necessary for the improve-
ment and better characterization of the system.

Other methods of fitting the model need to be examined to increase
the efficiency of the estlmates and of the experimentel errors. The

biases that may be involved in the various estimation procedures should
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be studied by empirical sampling methods which consider both additive
end multiplicative errors. This information would be valuable for the
development of optimum experimental designs for the assessment of pro-
tein quality.

The model should be extended to allow a better quantification of
the effect which non-protein factors and the use of experimental periods
of different duration may have in the evaluation of protein quality. A
better characterization of "toxic" effects should be introduced and
other parameterizations which may be more rdearly species independent
and/or free of the effect of interactions between nutritive entities
should be developed.

Finally, by devising suitable cost functions which can be related
to the estimates of the parametersand to the values of the ancillary
constants that may be calculated from these estimates, it should be

possible to give attention to pertinent economical factors to permit a

more efficient utilization of available protein sources.
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CHAPTER VI

SUMMARY AND CONCLUSIONS

Awareness of the critical importance of proper protein nutrition
to a large sector of the world population, has stimulated in recent
years interest in the search for new and cheaper sources of protein
foods. As a natural consequence of these activities, it is becoming
increasingly evident that better methods for the evaluation of protein
quality are needed.

Most of the procedures commonly employed in the evaluation of
protein quality are based on the assessment of the relastive efficiency
of different proteins in promoting observable biological responses.
Additionally, some attempts have been made to predict the biological
efficiencies of protelns on the basis of their amino acid make-up.
Although the latter attempts have given some promising results, they
cannot as yet be considered sufficiently relisble. Accordingly, the
biological procedures first mentioned are usually preferred for the
assessment of protein quality.

The biological methods used for the evaluation of protein quality
differ primarily in the choice of response measured and in the experi-
mental procedure followed. In spite of these differences, however, they
all ultimately result in essentially the same general order of quality
rankings for most food proteins. This similarity in results suggests
that it should be possible to formulate a general model for the evalua-
tion of protein quality. Additionally, if in such a model the responses

observed are evaluated on a per unit of protein input basis (efficiencies),
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since cost may be assumed to be proportional to food and protein con-
sumptions, it should be possible to consider important economic factors.

This dissertation is concerned with the development and application
of a mathematical model which relates the protein concentration in the
diet to the observed efficiencies. In developing the model protein
induced responses were assumed to obey a law of diminishing returns
with respect to the concentration of protein in the diet, while the
rate of change of protein input into the system was assumed to remain
constant with respect to the dietary protein concentration. Accordingly,

observed efficiencies (z) can be expressed as

S S L
where n is the average maximum attaingble response for all individuals
of a given species; £t is a scaling factor which varies with n and ¥; 7
is an index of protein quality; @ is a general correction term for the
general adequacy of the diet; B is a measure of "effective" food con-
sumption, proportional to the observed food consumption; and p is the
protein concentration in the diet. Of these parameters @ and y seem to
be independent of species, while 1, £ and B depend on the animal species
used in the feeding trials.

This model permits the estimation of at least three important
attributes of protein quality, and should allow a better understanding
of the meaning of protein quality. In this connection, the joint con-
sideration of the parameters y and 1 might prove valuable for the under-

standing of amino acid unbalance.
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Three ancillary constants which are independent of the species
used in the trials can be calculated from the estimates of the param-
eters. A simple graphic procedure may be used for estimating the
optimm dietary protein concentration (po), the dietary protein con-
centration necessary for maximum efficiency. The estimate of b, can
then be applied to the model to obtain the value of the maximum effi-
ciency (zm). The protein concentration at which neither gains nor

losses occur (p,. ) can be calculated from the simple relation
Py,

Py =-{%— 1n [fﬁi] .
The three constants Pys Zm’ and Py also reflect protein quality, but
additionally, because of their nature, should facilitate the introduc-
tion of economical consideration in relation to protein gquality.

For the application of the model, the proteins tested must be fed
over a range of protein concentrations. This procedure eliminates the
usual discrepancies in results when the biological trials are conducted
using different single protein concentrations. This feature of the
model made somewhat difficult its practical application because experi-
ments covering a sufficient number of dietary protein concentrations are
not abundant. However, some data obtained with either mice or rats by
different investigators,using either weight gains or carcass nitrogen
gains as response criteria,were available in the literature and were
used for fitting the model. The protein sources covered in these
trials included dried whole egg, skimmilk, casein, amino acid enriched
corn gluten, heated soyflour, INCAPARINA and wheat gluten. The results

from these fittings indicate that the proposed model for the nutritional
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evaluation of proteins gives useful information for a better under-
standing of the factors which determine protein quality. The results
described, however, suggest that additional research is necessary for
the improvement and better characterization of the system.

Other methods of fitting the model need to be examined to increase
the efficiency of the estimates and of the experimental errors. The
biases that may be involved in the various estimation procedures should
be studied by empirical sampling methods which consider both additive
and multiplicative errors. This information would be valusble for the
development of optimum experimental designs for the assessment of pro-
tein quality.

The model should be extended to allow a better quantification of
the effect which non-protein factors and the use of experimental periods
of different duration may have in the evaluation of protein quality. A
better characterization of "toxic" effects should be introduced and
other parameterizations which may be more nearly species independent
and/or free of the effect of interactions between nutritive entities
should be developed.

Finally, by devising sultable cost functions which can be related
to the estimates of the parameters and to the values of the ancillary
constants that may be calculated from these estimates, it should be
possible to give attention to pertinent economical factors to permit a

more efficient utilization of available proteln sources.
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GUZMAN, MIGUEL ANGEL. Study and Application of a Non-Linear Model for
the Nutritional Evalustion of Proteins. (Under the direction of

ROBERT JAMES MONROE. )

This dissertation is concerned with the development and application
of a mathematical model which relates the protein concentration in the
diet to the observed efficiencies. In developing the model protein
induced responses were assumed to obey a law of diminishing returns
with respect to the concentration of protein in the diet, while the
rate of change of protein input into the system was assumed to remain
constant with respect to the dietary protein concentration. Accordingly,
observed efficiencies (z) can be expressed as

.- g
@ + Bp ?

where 7 is the average maximum attainable response for all individuals
of a given species; £ 1s a scaling factor which varies with n and 7; ¥
is an index of protein quality; @ is a general correction term for the
general adequacy of the diet; B is a measure of "effective" food con-
sumption, proportional to the observed food consumption; and p 1s the
protein concentration in the diet. Of these parameters & and y seem to
be independent of species, while 7, £ and B depend on the animal specles
used in the feeding trials.

This model permits the estimation of at least three important
attributes of protein quality, and should allow a better understanding

of the meaning of protein quality. In this connection, the joint



consideration of the parameters y and n might prove valuable for the
understanding of amino acid unbalance.

Three ancillary constants which are independent of the species
used in the trials can be calculated from the estimates of the param-
eters. A simple graphic procedure may be used for estimating the
optimum dietary protein concentration (po), the dietary protein con-
centration necessary for maximum efficiency. The estimate of P, cen
then be applied to the model to obtain the value of the maximum effi-
ciency (;m). The protein concentrstion at which neither gains nor

losses occur (pb) can be calculated from the simple relation

Py =-—%— 1n —ﬁ— .

The three constants Pys Zm’ and Py also reflect protein quality, but
additionally, because of thelr nature, should facilitate the introduc-
tion of economical consideration in relation to protein quality.

For the application of the model, the proteins tested must be fed
over a range of protein concentrations. This procedure eliminates the
usual discrepancies in results when the biological trials are conducted
using different single protein concentrations. This feature of the
model made somewhat difficult its practical application because experi-
ments covering a sufficient number of dietary protein concentrations are
not sbundant. However, some data obtained with either mice or rats by
different investigators, using either welght gains or carcass nitrogen
gains as response criteria,were available in the literature and were

used for fitting the model. The protein sources covered in these



trials included dried whole egg, skimmilk, casein, amino acid enriched
corn gluten, heated soyflour, INCAPARINA and wheat gluten. The results
from these fittings indicate that the proposed model for the nutritional
evaluation of proteins gives useful information for a better understand-
ing of the factors which determine protein quality. The results de-
scribed, however, suggest that additional research is necessary for the

improvement and better characterization of the system.
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