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1. Introduction

Addressing the energy and nutrient needs of populations has been a
long-standing activity of FAO and WHO — perhaps the longest existing
technical activity. The first FAO Expert Committee on requirements met in
Washington, DC, in 1949, only four years after the establishment of the
United Nations and its technical agencies, and the topic at that time was
“Calories”. The second FAO Expert Consultation was six years later and
focused on protein requirements, followed a year later by the second Expert
Consultation on Calorie Requirements. In 1963, protein was again reviewed;
this marked the beginning of the collaborative work between FAO and WHO
on protein requirements. The 1971 Joint FAO/WHO ad hoc Expert Commit-
tee on Energy and Protein Requirements was unique in that energy and protein
were considered together for the first time. The United Nations University
became part of this joint initiative in 1981.

This report arises from the Joint WHO/FAO/UNU Expert Consultation on
Protein and Amino Acid Requirements in Human Nutrition, held at WHO
headquarters from 9 to 16 April 2002. It builds on the work of several earlier
consultations and meetings. The previous landmark Joint FAO/WHO/UNU
Expert Consultation was on both energy and protein requirements, and took
place in Rome from 5 to 17 October 1981. The report of that consultation was
published in 1985 as No. 724 of the WHO Technical Report Series (7), and
has been referred to extensively. Scientific knowledge and field experience
have now moved far enough forward that a review of the expert opinion is
warranted. This time it was felt that there was a need for separate consultations
on protein requirements and energy requirements. The Joint FAO/WHO/
UNU Expert Consultation on Human Energy Requirements was held in Rome
in October 2001 and the subsequent report was published in 2004 (2).

Inits report (3), the 1971 Committee reviewed the principles on which groups
of experts in the past had based their recommendations on energy and protein
requirements (4). It has been consistently stated that estimates of nutrient
needs are concerned with groups and not with individuals. In confirming that
assertion, the 1971 Committee emphasized two additional points: that
estimates of requirements are derived from individuals rather than groups;



and that the nutrient requirements of comparable individuals often vary.
Consequently, application of recommendations to any one individual for
clinical purposes may lead to errors of diagnosis and management. The
methodological basis, analytical aspects and statistical aspects have contin-
ued to be refined, and are also addressed further in this current report.

Ideas on the assessment of protein requirements have progressed in a rather
different way from considerations of energy, which is one reason why sepa-
rate consultations have been held, despite aspects of overlap and synergy. It
is, for example, largely accepted that nitrogen balance reflects both protein
and energy intake from the diet. The FAO Committee on Protein Require-
ments (4), which met in 1955, placed particular emphasis on the pattern of
human amino acid requirements and the definition of requirements in terms
of a reference protein with an “ideal” amino acid composition. Quantitative
estimates of protein requirements were based on information available at that
time on the needs for indispensable amino acids. In 1963, a Joint FAO/WHO
Expert Group on Protein Requirements (35) introduced the new concept that
the requirement for protein is determined by the rate of obligatory nitrogen
loss from the body (principally in the urine, but also in faeces and through
the skin) when the diet contains no protein. Measurement of these losses
should provide an estimate of requirement, with correction for protein quality.

The 1971 Ad Hoc Expert Committee made advances in two directions. First,
it recognized that, even with protein of high biological value, the minimum
nitrogen intake needed to ensure balance, which has generally been used as
the criterion for the maintenance requirement, is larger than the so-called
obligatory nitrogen loss. An attempt was made, in the light of the information
available at the time, to determine the magnitude of this difference. The
second advance was the clear recognition that in estimating requirements for
groups, the principles are not the same for energy as for protein. For energy,
an individual’s intake must match his or her output if that individual is to
remain in a steady state, and it is accepted that physiological mechanisms
exist by which this balance is normally maintained, albeit not on a day-by-
day basis or even over longer periods. For protein, in contrast, there is no
evidence for a regulatory mechanism that matches intake to requirement.
However, there is also no reason to suppose that an intake moderately larger
than the individual’s physiological need will be harmful, at least within fairly
wide limits. Together, these considerations led to an approach that described
on the one hand an average requirement for energy and, on the other hand, a
safe level of intake for protein. The safe level for a population was defined as
the average protein requirement of the individuals in the population, plus
twice the standard deviation (SD). There was little information about the
variability of individual requirements, and the 1971 Committee accepted an



estimate of 15% for the coefficient of variation. These considerations were
further developed in the 1985 report, and again during the 2002 consultation.

In 1975, WHO and FAO, unusually, convened an informal gathering of
experts (6) to consider problems that had arisen in the application of the report
of the 1971 Committee. They considered a number of situations in which it
was thought that the 1973 report had been misused or was incomplete. They
also recognized that the emphasis placed by previous groups of experts
(4-6) on specifying nutrient requirements for healthy populations was an
ideal. They began to tackle some of the problems that arise in reconciling this
ideal with reality. Of particular importance are two questions relating to
children: adjustment of requirements for deficits in growth and for the effects
of frequent infections. One of the recurring themes in the 2002 meeting was
the need to address again, and more directly, the requirements of children and
adults for protein and amino acids in populations with a high disease burden.
Another major area that continues to need attention is requirements and
demands in catch-up growth.

In October 1977, a further informal meeting of experts continued the review
process begun in 1975 (7). This group identified five main areas of uncertainty
relating to protein requirements. These areas were addressed, and recom-
mendations were made in the 1985 report (/). With a view to reconsidering
these matters, as well as incorporating new research results and national
experience, the 2002 Consultation again discussed these same topics, among
others (in particular, quality of protein and labelling). The following areas of
uncertainty remain.

e [t continues to be questioned whether the 1973 and subsequent higher
recommendations on adult protein requirements, based largely on data
from healthy, well-nourished individuals, are realistic for developing
countries, especially as they might be extrapolated to apply to children.

e Since 1971, a number of studies have re-emphasized the important rela-
tionship between energy intake and nitrogen balance, and it has been
suggested that protein requirements determined from balance measure-
ments at high levels of energy intake may have been set erroneously low.
The 2002 Consultation felt that the previously suggested requirements for
amino acids were lower than they should be and, in the light of
new evidence, duly revised the requirements upwards.

e The 2002 Consultation considered that previous reports had given too little
attention to the requirements of women, adolescents, and older children,
and that further review was needed of the requirements for pregnant and
lactating women and for the elderly. It is somewhat disappointing that there
seems to have been so little new research since 1981 on the amino acid



requirements of infants and children. Such research is also important with
regard to the elderly, in view of their increasing numbers in both industri-
alized and developing countries.

e More information continues to be needed on the ability of some local
diets to meet protein needs, and on the extent to which amino acid scores
and biological assays in rats give realistic estimates of the protein values
of human diets. The 1985 Consultation concluded that few natural
diets provide insufficient amounts of indispensable amino acids, except
those of infants and preschool children. Nevertheless, it was apparent that
more attention should be given to the digestibility of the proteins in a mixed
diet, especially in the diets of people in developing countries. It is clear
that the availability of dietary protein for all age groups can be significantly
affected by digestibility, and that protein requirements should be appro-
priately adjusted for increased faecal and dermal losses of nitrogen.

e A preliminary attempt was made in the 1977 informal meeting to estimate
the extra protein and energy requirements for compensatory growth in
malnourished children and for recovery from frequent infections. The 2002
Consultation identified this as an area needing more attention.

e The question continued to be raised of whether or not adaptation to low
protein intake involves any disadvantages, provided that the intake is
sufficient to achieve balance and normal growth.

The 1981 Consultation concluded that a further full-scale expert consultation,
along with further research, was essential. It identified key issues as needing
to be addressed by an expert consultation, which the present report partially
does. The mandate of the 2002 Consultation was to revise and update the
conclusions and recommendations of the 1981 Consultation. In preparation
for the 2002 Consultation, well-known scientists were asked to examine and
review extant literature and their own experience, and write background
papers on various topics that required revision. Several of the authors and
other leading scientists met in Rome from 27 June to 05 July 2001 to discuss
and analyse critically the contents of the background papers, which were
subsequently modified as required. The modified papers, together with other
documents and the conclusions of the discussion, were provided to all mem-
bers of the Expert Consultation for analysis and consideration in their
deliberations, and much of the present report is based on those background
documents, many of which have been subsequently published (§).

Recommendations on protein and amino acid requirements are essential to
support the following activities:



¢ determining food and nutrition adequacy of population food intakes;
¢ setting of national food and nutrition guidelines by countries worldwide;

¢ determining nutrient needs, and evaluating and ensuring the adequacy of
ration quality and quantity for vulnerable groups such as refugees or dis-
placed populations, in emergency situations, conflicts, time of food short-
age and the like (of particular concern to the World Food Programme, the
Office of the United Nations High Commissioner for Refugees, and non-
governmental organizations active in relief work);

¢ guidance to the Codex Alimentarius Commission, particularly with respect
to labelling and in drawing up regulations on the protein and amino acid
content of industrially processed foods;

e providing information to manufacturers of infant formula and processed
complementary foods, concerning protein and amino acid requirements of
infants over six months of age or with special needs, and of young children;

e mapping and monitoring (potential and actual) food shortages and under-
nutrition in developing countries and globally, including early warning
systems (e.g. Food Insecurity and Vulnerability Information and Mapping
Systems);

e research on relationships between excessive or deficient protein intakes
and long-term health outcomes or the occurrence of diseases.

Ideally, a group set up to advise on requirements would include representa-
tives of a wide range of disciplines, but this was not feasible either in 1985
or in 2002. The multidisciplinary perspective could be appropriately incor-
porated when food-based guidelines are being designed at a national level.
As the 1985 report (1) shows, despite all the work that has been done, many
difficult biological and statistical problems remain. The statistical and
broader tasks identified by the 2002 Consultation are: estimation of the dis-
tribution of the requirements; and interpretation of the distribution of recom-
mended requirements. As in previous reports, the primary task of this
Consultation has been to provide the United Nations agencies with tools for
addressing practical questions on such matters as the adequacy of food sup-
plies, targets for food and nutrition policy, and labelling of protein quality,
as well as for providing specific recommendations for infants, children and
adults throughout the life-course. It is hoped that, like the guidance provided
in past reports, the conclusions and recommendations in the present report
will help guide the decisions of national committees in developing estimates
of requirements appropriate to local conditions and applications.



International meetings of experts, conferences and other forums have been
extremely productive in generating new ideas and stimulating new research.
This is particularly apparent in relation to protein requirements; each
successive meeting, building on the work of its predecessors, has identified
gaps in current knowledge, which research workers in many countries have
done their best to fill. There continues to be a need for more research results
from developing countries. It is hoped that capacity-building activities of the
United Nations agencies and others will help this. Identifying problems and
stimulating further research continue to be extremely important functions of
expert consultations.

This report is not an end-point, but an important step in the continuous quest
for scientifically-based answers, and for understanding the implications of
these answers in terms of improved nutrition and health. In this report of the
2002 Joint WHO/FAO/UNU Expert Consultation on Protein and Amino Acid
Requirements in Human Nutrition, the primary objectives were as follows:

¢ to review, revise and update protein and amino acid requirements for all
age groups (infants, children, adolescents, adults, elderly), and for women
during pregnancy and lactation;

¢ toreview and develop recommendations on protein requirements in health
and disease, including their implications for developing countries;

¢ to develop recommendations on protein quality and labelling, with re-
spect to new requirement levels, for use worldwide and in the Codex
Alimentarius.

The conclusions of the 2002 Consultation are as well grounded as is possible,
given the present state of knowledge. As recognized in the 1985 report (/),
future experience will show how realistic the recommendations are. Partici-
pants in the 2002 Consultation nevertheless feel that these new recommen-
dations, while often not very different from previous recommendations,
represent a major step forward in addressing protein and amino acid require-
ments in human nutrition.
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2.1

2. Conceptual framework for
estimating protein and amino acid
requirements

Access to sufficient food of an adequate quality to maintain normal body
composition and function throughout the life-cycle is fundamental to main-
taining health. A source of protein is an essential element of a healthy diet,
allowing both growth and maintenance of the 25 000 proteins encoded within
the human genome, as well as other nitrogenous compounds, which together
form the body’s dynamic system of structural and functional elements that
exchange nitrogen with the environment. The amount of protein that has to
be consumed, as part of an otherwise nutritionally adequate diet, to achieve
the desired structure and function is identified as the requirement.

Basic concepts

A generic model for the dietary protein requirement (as with any nutrient)
defines the requirement in terms of the needs of the organism, i.e. metabolic
demands, and the dietary amount which will satisfy those needs, i.e. efficiency
of utilization, thus: dietary requirement = metabolic demand/efficiency of
utilization.

For planning and public health purposes and to minimize risk of deficiency,
requirements are expressed as dietary allowances, which take into account
variation between individuals. This aspect is discussed in section 3.

Metabolic demand is determined by the nature and extent of those metabolic
pathways that consume amino acids and are conventionally identified in most
factorial models of requirements as maintenance and special needs. Special
needs include growth, pregnancy and lactation. Maintenance comprises all
those processes that consume amino acids and give rise to urinary, faecal and
other losses, which include a small component of net protein synthesis in skin,
hair and secretions.

Dietary requirement is the amount of protein or its constituent amino acids,
or both, that must be supplied in the diet in order to satisfy the metabolic
demand and achieve nitrogen equilibrium. The requirement will in most cases
be greater than the metabolic demand because of those factors that influence
the efficiency of protein use, i.e. net protein utilization. These are factors
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associated with digestion and absorption, which influence the digestibility
and consequent amount of dietary nitrogen lost in the faeces, and the cellular
bioavailability of the absorbed amino acids in relation to needs, which influ-
ences the biological value (see section 6).

There is general agreement that when the dietary intake of nitrogen is zero,
and energy and all other nutrients are consumed in adequate amounts, there
is an ongoing loss of nitrogen from the body, identified as obligatory nitrogen
losses. There is also general agreement that as the intake of protein, amino
acids and nitrogen increases, there is a level of intake adequate to enable
nitrogen balance to be achieved, which we can define as the minimum protein
requirement. This is the lowest level of intake that has to be consumed in
order to enable nitrogen equilibrium to be achieved in the short and long term,
i.e. it will involve the highest efficiency of utilization. In practice, measure-
ments of the minimum protein requirement have varied widely within and
between individuals — and to a greater extent than observed with measure-
ments of the obligatory nitrogen losses — for a variety of reasons, some of
which are not entirely understood. For this reason, identification of the min-
imum protein requirement is inherently difficult. This is in sharp contrast with
the basal metabolic rate, from which energy requirements can be calculated,
after taking into account other components of energy expenditure, and which
can be measured with relatively little variation, under carefully defined stan-
dardized conditions. What follows describes those factors that can influence
the minimum protein requirement.

Metabolic demand

The metabolic demand for amino acids and protein is the flow of amino acids
through those pathways that together maintain the structure and function of
the body. This comprises conversion of some individual amino acids into
important metabolites, which are further transformed into nitrogenous end-
products, mainly urea and other compounds in urine, facces or sweat, as well
as net synthesis of proteins lost from the body as skin, hair and any other
secretions. This demand is inherently variable between individuals and in the
same individual at different times during the day and at different stages in
life. A complete description of the metabolic demand would include the rates
at which each individual amino acid flows through all metabolic pathways
under all likely circumstances, as well as the interconversions of the different
forms of nitrogen available to provide for the appropriate amino acid pro-
portions. Measurement of such a demand cannot be made with any certainty
or precision, but can be exemplified or characterized for different situations.

The basal demand for nitrogen is usually considered to equate to the obliga-
tory nitrogen losses, the sum of all nitrogenous losses by all routes from the



body after stabilization on a nitrogen-free but otherwise nutritionally ade-
quate diet. It is, however, recognized that the obligatory nitrogen losses
represent the special circumstances where the metabolic demands are met by
protein mobilized from body tissues. If the pattern of amino acids in body
protein is not an exact match of the pattern of the metabolic demands, and
there are reasons to believe that it is not, then the obligatory nitrogen losses
will include nitrogen from amino acids which are surplus to demand, and to
this extent will overestimate the magnitude of the metabolic demands, at least
in terms of total amino acid equivalents.

The extent and amino acid pattern of demand will vary according to genotype
and those factors that determine phenotype, i.e. programmed metabolic ca-
pacity, age, sex, diet, body composition, physiological state, pathological or
environmental stressors, and lifestyle, especially physical activity, with all
factors potentially acting separately and together. Where necessary, adaptive
factors may be brought into play to enable the demand to be met, and these
factors may or may not be either fully effective or costless. Current knowledge
extends to only a limited understanding of this range of variation in the de-
mand, namely the effect of other factors of importance in “model” or
“reference” situations.

While it might reasonably be assumed that genotype, programmed metabolic
capacity, sex, age, and body composition are all factors that might contribute
to the variation in the basal demand, in practice the extent of such influences
has yet to be quantified. Indeed it is not clear how far the observed variability
in the basal protein requirement can be attributed to methodological consid-
erations, or reflects inherent biological variability.

Growth

During growth in infancy and childhood, there are increases in length, mass,
development and maturation of function. For pregnant and lactating women,
there are the demands for net tissue deposit or milk formation. In each of these
cases, the needs are for a pattern of amino acids that matches the material be-
ing deposited, including extracellular proteins, DNA, RNA, cell membranes,
creatine, haem, etc. There is good evidence that the pattern of amino acids
that is needed to meet these demands is different from that in the basal state.

During the rapid gain in weight associated with recovery from a pathological
insult, there may be extensive deposit of lean tissue. This has been used as a
suitable model with which to characterize the energy and nutrient needs for
net tissue deposition. The information obtained from studies using this model
is of value in extending our understanding, but the needs thus determined for
tissue repletion of a deficit cannot be presumed to be the same as the needs
during normal growth and development.

11
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Dietary influences on demand

Efficient dietary provision of protein, amino acids and nitrogen to meet basal
demands in an individual will occur only when demands for energy and all
other nutrients for normal cellular and tissue function are met. There are
complex responses of protein and amino acid metabolism to alterations in
dietary intakes of other nutrients.

Energy

There are well-established responses to variation in dietary energy and protein
intakes. At constant levels of energy expenditure, increased energy intake
improves nitrogen balance independently of the nature of the excess energy
(i.e. carbohydrate or fat). The basis for this is not entirely clear, although the
hormonal responses to energy intake, especially insulin secretion, can reduce
demands by minimizing net protein loss through the inhibition of both pro-
teolysis and the oxidation of amino acids. In contrast to this, an excess of
dietary energy also leads to the accumulation of excess adipose tissue, which
results in an increase in lean body mass and an associated increase in demands
over time.

Overall food consumption is, for most situations, determined by the level of
energy expenditure, and the greatest variability reflects differences in levels
of activity. A more active person expends greater amounts of energy, con-
sumes greater amounts of food, and hence has a higher absolute level of
protein consumption. Since, with increasing activity, the demand for amino
acids and nitrogen increases to a much lesser extent (if at all) than energy
demands, it becomes easier to satisfy nitrogen demands, and the amino acid
pattern of the diet becomes of lesser importance. In contrast, as activity levels
fall, food consumption falls and hence absolute protein intake falls, so any
relative imbalance between the pattern of amino acids provided by the diet
and the pattern required by the body will become more evident. Thus, at lower
levels of food consumption, a diet that might have been adequate for protein
athigh levels of activity, may no longer be adequate at lower levels of activity.

Micronutrients

The pathways of amino acid metabolism and interchange are critically de-
pendent upon an adequate micronutrient status, and hence upon the amount
and quality of food consumed (/). Although to date this is a poorly understood
area, inadequate amounts of B vitamins or zinc will influence dietary bio-
logical value. In addition, with either supplementation or food fortification,
disposal of any excess consumption of micronutrients can impose a metabolic
demand or stress on the body. For example, excessive dietary zinc induces
the synthesis of metallothionein, which can increase demands for sulfur
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amino acids, whereas the synthesis of ferritin in response to excessive iron
can divert amino acids from other functions such as growth.

Lifestyle and environmental influences

The most important lifestyle influence that may modify demands for protein
is the level of physical activity. Variation in levels of activity influences the
patterns of food consumption, as well as influencing body composition and
metabolic demands (see section 5). Indeed, activity itself can play an impor-
tant part in the integration of intermediary metabolism, influencing amino
acid interchange and the availability to the rest of the body of compounds
containing nitrogen, for example the flow of nitrogen from branched-chain
amino acids through glutamine to arginine or other compounds. While ac-
tivity can increase the demand for protein, the extent of this may be minimized
by training and by adequate and appropriate energy intake (2). There is
evidence that the high protein intakes consumed by some athletes may in-
crease the oxidation of amino acids during exercise and thus increase apparent
demands.

Smoking (3) and alcohol consumption can each influence both intake and
demand. Also detoxification and excretion of those chemical agents and
xenobiotics consumed as a normal part of the diet can place unbalanced de-
mands upon amino acid metabolism. Medications that consume amino acids
during their detoxification include paracetamol (acetaminophen), which can
account for a considerable demand for sulfur amino acids.

Exposure to environmental challenge imposes metabolic stress, which in-
duces either nonspecific inflammatory responses, or more specific immune
responses when infections occur. At their most severe, such exposures result
in a complete re-ordering of metabolic priorities, unbalanced losses from the
system, and a fundamental change in the requirements for protein, amino
acids and nitrogen. Furthermore, recovery from such responses requires in-
creased and altered metabolic demands to make good the specific losses.

Achieving nitrogen balance

Adequate amounts of amino acids of a suitable pattern must be provided in
the diet, either in a preformed state, or as appropriate precursors that can be
used to generate a suitable mix of amino acids following endogenous trans-
formations, in order to match the demand for protein synthesis and other
metabolic pathways. Any demand that involves an irreversible net removal
of part or all of indispensable amino acids from the system can only be sat-
isfied from the diet.

13



The most general model that characterizes this movement of amino acids is
shown in Figure 1. The demand within the system is the flow of amino acids
to protein synthesis and other metabolic pathways, with any amino acids in
excess of this demand flowing through oxidative pathways. This demand has
to be satisfied with amino acids that derive from protein degradation, from
the de novo synthesis of amino acids, or from dietary ingestion. To a sub-
stantial degree, the amino acids deriving from protein degradation will match
the amount and pattern going to protein synthesis (apart from a minor fraction
of amino acids which have undergone post-translational modifications such
as methylations), so the demand will be dominated by the flow to other
pathways.

One area of uncertainty relates to the usual assumption that dispensability
and indispensability are absolute and mutually exclusive categorizations.
This is almost certainly an oversimplification. For those amino acids identi-
fied as dispensable, there is in fact a variable extent to which endogenous
formation might take place, with little reliable information about the upper
limit of this capability, i.e. whether the endogenous capacity for their forma-
tion can always meet their demand. For the indispensable amino acids, this
capacity is assumed to be zero, but in fact there is now evidence for some de
novo synthesis of such amino acids following urea salvage in the lower gut.
The extent of this and its nutritional significance remains uncertain, but has
critical practical implications given the widespread use of stable isotope
studies of amino acid oxidation as alternatives to nitrogen balance studies.
Similarly, the extent to which de novo formation of dispensable amino acids
might limit function in certain circumstances is important in terms of ensuring
dietary adequacy during the formulation of special diets in clinical nutrition.

By its nature the system is more complex than we can characterize effectively
at present (4) but there are elements which can be measured with variable
degrees of reliability. Ultimately, the practical objective is to determine the
extent and form of dietary nitrogen needed to enable a flow of amino acids
sufficient to maintain health (body weight, nitrogen balance, and physiolog-
ical, metabolic and psychological function).

Figure 1
General model for amino acid metabolism and interchange
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2.3.1 Maintenance amino acid catabolism and obligatory nitrogen losses

As indicated above, the obligatory nitrogen losses on a protein-free but oth-
erwise adequate diet have been assumed to indicate the magnitude of the
maintenance metabolic demand (e.g. 5). The obligatory nitrogen losses are
assumed to reflect a demand for amino acid precursors for any net protein
synthesis (mainly epidermal losses, plus menstrual blood in premenopausal
women), for all non-protein products derived from amino acids that give rise
to urinary nitrogen end-products, and any nitrogen lost in the large bowel. In
reviewing the nature of the obligatory nitrogen losses, Reeds (6) emphasized
that, with the exception of phenylalanine, tryptophan and methionine, current
understanding indicates that the maintenance demand for amino acids is
mainly for dispensable or conditionally dispensable amino acids. These
obligatory nitrogen losses are assumed to be a fixed function of the lean body
mass, although this is not known with any certainty. Factorial estimates of
protein requirements calculate a dietary protein supply which provides for
such losses, after adjustment for any inefficiency of utilization of dietary
protein (e.g. 7, 8). This assumes that on a protein-free diet the extent of amino
acid catabolism indicates the usual metabolic demand, which is met from net
tissue protein catabolism. Since the 1985 report (9) there has been an in-
creasing effort to understand the nature of amino acid oxidation and the way
nitrogen excretion is regulated.

It is agreed that there is a demand for amino acid precursors for a range of
non-protein products deriving from either amino acid carbon skeletons or
amino nitrogen, such as nucleic acids, diverse smaller molecules such as cre-
atine, taurine, glutathione, catecholamines, thyroxine, serotonin, dopamine
or nitric oxide, and some irreducible amino acid catabolism (e.g. of the
branched-chain amino acids) which has not been identified as purposeful
(see 6). These various compounds are themselves catabolized, giving rise to
various nitrogenous end-products. There is also catabolism during bacterial
fermentation of carbon skeletons of amino acids that pass into the large bowel,
with amino nitrogen reabsorbed as ammonia. In other words, the ileal di-
gestibility of some indispensable amino acids is less than faecal digestibility.
The overall pattern of these various pathways is unknown, but it has long
been accepted that the amino acid pattern of the maintenance metabolic de-
mand differs from that needed for tissue growth (see 5). Also, there is
evidence that addition of individual amino acids (sulfur amino acids and
threonine) to protein-free diets can lower the nitrogen excretion, in the same
way that diets from which deletions of single amino acids have been made
will induce negative nitrogen balances that are not proportional to the tissue
content of the deleted amino acids (e.g. 10, 11).

15
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There is little evidence to suggest that the magnitude of the obligatory nitro-
gen losses varies much between comparable age groups from different parts
of the world (9, 12, 13). There may be differences in the distribution of these
losses between faecal and urinary nitrogen, with higher faecal losses in sub-
jects from developing countries, who maintain a higher faecal biomass
resulting in higher overall losses. Thus in Indian and Nigerian men, faecal
nitrogen = 40% (urinary nitrogen + faecal nitrogen), compared with 20% for
Massachusetts Institute of Technology students, although it is not clear
whether this reflects the higher non-protein nitrogen content of the experi-
mental diets. Nevertheless, this higher faecal nitrogen seems to have
metabolic implications, since it is associated with an inverse correlation be-
tween urinary and faecal nitrogen excretion (/4, 15) suggestive of a link
between the size and nitrogen content of the faecal biomass and urea salvage,
which might influence urinary urea excretion.

Digestibility of dietary proteins

The concept of digestibility, usually defined in terms of the balance of amino
acids across the small intestine (mouth to terminal ileum: ileal digestibility),
or across the entire intestine (mouth to anus: faecal digestibility), is based on
the principle that the difference between intake and losses provides a measure
of the extent of digestion and absorption of food protein as amino acids by
the gastrointestinal tract for use by the body. In fact, such net balance across
the intestine involves considerable exchange of nitrogen in terms of protein,
amino acids and urea between systemic pools and the gut lumen, as shown
in Figure 2. Thus digestibility is more complex than usually assumed

(16, 17).

The dietary supply of nitrogen-containing compounds into the system is pre-
dominantly protein, but also includes free amino acids, nucleotides and
creatine, each of which may be important for health. The integrity of the gastro-
intestinal tract is maintained through net secretion of nitrogen-containing
compounds such as mucins and antibodies, and the ongoing sloughing away
of enterocytes. Further, there is significant secretion of proteins associated
with the processes of digestion and absorption. Most proteins are digested
and the resulting amino acids or peptides absorbed. The overall flow of en-
dogenous nitrogen-containing compounds into the lumen of the small intes-
tine is not known with reliability, but is estimated to be around 70 to 100 g
protein each day. This mixes with amino acids derived from dietary con-
sumption and, regardless of dietary consumption, the luminal concentration
of amino acids appears indistinguishable by the mid-jejunum. Dietary protein
and endogenous secretion are substantially absorbed by the time they reach
the terminal ileum. Hence “ileal digestibility”, the difference between con-
sumed amino acids and those appearing in the terminal ileum, is at best a very



crude approximation of the handling of nitrogen-containing materials in the
small intestine. The use of labelled amino acids to trace the fate of dietary
components reinforces the suggestion that most dietary protein is digested
and absorbed with great efficiency.

The ileal effluent represents one aspect of the flow of nitrogen into the large
bowel, and is only slightly greater (50%) than the nitrogen that is lost in the
stool. This gives the impression in balance terms of little exchange of nitrogen
compounds across the large intestine. However, tracer studies show that fae-
cal nitrogen derives from a pool of nitrogen which includes not only ileal
effluent and any residue from the dietary consumption, but also sloughed
away cells and mucins derived within the colon, and nitrogen-containing
compounds from the systemic circulation of the host. There is strong evidence
for the movement into the gut of molecules such as urea, and reasonable
evidence for the movement of molecules such as uric acid and creatine.
These various forms of nitrogen are available as metabolic substrates for
resident micoflora, but given the magnitude of faecal nitrogen loss it can be
concluded that there is considerable reuptake of nitrogen from the colon.
Furthermore, since according to circumstances the net effect of the amino
acid metabolism associated with bacterial biomass can be to either remove

Figure 2
Exchange of nitrogen between the intestine and systemic circulation

l Diet 14 g nitrogen/day

Secretion 15 g nitrogen/day

Small <
intestine
(flow 29 g Absorption 26 g nitrogen/day
nitrogen/day) >

l lleo-caecal flow 3 g nitrogen/day

Secretion 17 g nitrogen/day

Large <
intestine
(flow 20 g Absorption 18 g nitrogen/day
nitrogen/day) >

l Faecal losses 2 g nitrogen/day

aAdapted from reference 17 with permission from Vevey, Nestec Ltd/ S. Karger AG, Basel, Switzerland.
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from or add to amino acids passing through the terminal ileum, ileal
digestibility of individual amino acids is unlikely to be a more reliable mea-
sure of the systemic availability of dietary protein than faecal digestibility.
The pattern of consumption of complex and non-digestible carbohydrates in
the diet exerts an important influence on the metabolic behaviour of the
colonic microflora because of their importance as an energy source. Faecal
nitrogen is increased in individuals who consume diets containing large
amounts of non-digestible carbohydrate, especially if this is susceptible to
fermentation by the resident microflora, increasing the bacterial biomass and
soluble nitrogen-containing compounds. With most diets this probably occurs
to an extent that is largely independent of the protein associated with the non-
digestible carbohydrate. Thus, when diets contain large amounts of non-
digestible carbohydrate, faecal nitrogen cannot be used as a reliable measure
of digestibility. Furthermore, an increase in faecal nitrogen can be matched
by an equivalent decrease in urinary nitrogen, with the practical consequence
that urinary nitrogen becomes a less reliable marker for nitrogen balance.

Thus, the concepts of both ileal digestibility and faecal digestibility are sub-
ject to important limitations under certain conditions. These conditions are
most likely to apply where there is a need to determine the critical nutritional
value of foods at the margins of satisfying dietary requirements, and therefore
these methods cannot be used with any confidence in the development of
policy options, unless the limitations of the underlying assumptions have been
taken into account adequately.

Protein quality: matching the supply to the demand

The effectiveness with which nitrogen balance can be achieved for a given
amount of absorbed dietary nitrogen is defined in terms of biological value,
i.e. nitrogen utilized/digestible nitrogen intake. Biological value is most often
discussed in terms of indispensable amino acid patterns relative to demand,
permitting the identification of mixtures of dietary proteins that allow defi-
ciencies of indispensable amino acid in one protein to be complemented with
arelative excess in another protein, resulting in an appropriate overall dietary
mixture. However, it needs to be recognized that biological value is in fact
markedly influenced by the relative amounts of dispensable and indispens-
able amino acids and other nitrogen-containing compounds (78, 19).

Furthermore the definitions “dispensable” and “indispensable” for amino
acids need to be interpreted with care. Work carried out during the 1960s to
define minimal dietary amino acid and protein requirement levels, in which
dietary sources were varied independently and together, showed that the
“efficiency” of utilization of indispensable amino acids depends upon the
total nitrogen and the form of nitrogen in the diet. The higher the total nitrogen
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in the diet, the lower the consumption of indispensable amino acids to achieve
nitrogen balance. A “good” mixture of dispensable amino acids is more ef-
fective than any other form of nitrogen, but even relatively poor sources of
nitrogen, such as ammonia and urea, can exert a beneficial effect if the level
of consumption is sufficiently high. Importantly, dispensable amino acids
exert varying effects, with the provision of dietary glycine being especially
effective in meeting the needs for indispensable nitrogen (20). In fact the
minimum nitrogen intake for nitrogen balance is determined by the intake of
indispensable amino acids. Thus, at a given level of nitrogen intake with
animal proteins such as egg, milk or beef, the nitrogen balance improves when
the protein is partially replaced by dispensable amino acids. Thus, the re-
quirement for indispensable amino acids is not an absolute value, but can be
expressed only in relation to the total nitrogen intake. The demonstration that
the consumption of any form of dispensable nitrogen reduces the need for
indispensable nitrogen implies that at lower levels of total nitrogen consump-
tion, indispensable amino acids are being used inefficiently as a source of
nitrogen for the formation of dispensable amino acids. The implications of
this are that there is an absolute metabolic need for both indispensable and
dispensable amino acids, and the rate of formation of dispensable amino acids
in the body appears to be determined by the total intake of nitrogen, and at
lower levels of total nitrogen consumption the formation of adequate amounts
of non-essential amino acids is impaired.

Taken together this means that the concept of biological value, which is usu-
ally applied only in the context of matching individual indispensable amino
acid intakes with the pattern of demand by the body, should also be extended
to include dietary adequacy in terms of allowing for endogenous formation
of the dispensable amino acids, and hence for total dietary nitrogen, to match
the needs of the body. This becomes of practical importance in subjects fed
diets based on amino acid mixtures. For example it may be that the ability of
wheat-based diets to maintain long-term nitrogen balance (e.g. 21), even
though lysine intakes are much below apparent “requirement” intakes pre-
dicted in many of the more recent stable isotope studies, results from the use,
in all of the tracer studies, of amino acid mixtures based on egg protein, with
much less non-essential nitrogen than in diets based on cereal protein. Ulti-
mately, in order to assess protein quality, direct study by measuring nitrogen
balance along with body weight and body composition will be required to
establish the utilization of proteins or diets with any certainty.

Protein utilization and nitrogen balance

Nitrogen balance measurements of the requirement usually involve subjects
fed different levels of protein intake until they attain nitrogen equilibrium,
i.e. when intake = loss, and balance = (. Often a linear regression is used, so
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that the intake for nitrogen equilibrium (the requirement) is defined by an
intercept (the nitrogen loss at zero intake) and a slope. The intercept is an
estimate of metabolic demands, i.e. the obligatory nitrogen losses. The slope
indicates the efficiency of dietary protein utilization, which incorporates both
digestibility and biological value: i.e. net protein utilization.

metabolic demand (intercept, obligatory nitrogen losses)
net protein utilization (slope)

Requirement =

Balance studies in rapidly growing animals and young children show clear
and predictable differences between protein sources in terms of digestibility,
biological value and consequent net protein utilization, with values ranging
from near-perfect utilization (net protein utilization = 1) for animal proteins,
to much lower values for some plant-based diets. For human adults, however,
it has long been known that the interpretation of balance studies poses some
major difficulties. Thus, slopes and intercepts vary widely between studies
with the same protein sources (/5), and the outcome usually differs from the
predictable value. This is clearly shown in a recent meta-analysis of all
nitrogen balance studies reported to date (/3). The median requirement
(0.66 g/kg per day) was more than twice the obligatory nitrogen losses
(=0.3 g/kg per day) because the slope was <0.5. Furthermore, there was no
significant influence of variation in the protein sources (animal, vegetable or
mixed protein) on the slope and consequent requirement. This implies that
for human adults, net protein utilization values for diets of most sources are
similar, but much lower than would be predicted. Agreement has not yet been
reached on an explanation for this, although one suggestion is that it is a
consequence of incomplete adaptation (22). In any event, it is an indication
of the importance of gaining a better understanding of how the organism
adapts to variation in protein intake.

Response to variation in protein intake

The human organism can and does tolerate a wide range of dietary protein
concentrations at no obvious cost. The difficulty for defining nutritional re-
quirements for protein and amino acids lies in identifying the lower and upper
limits of this intake range, beyond which any further adaptation may involve
costs of one sort or another. At the outset, “tolerate at no obvious cost” needs
to be defined. In the previous report, maintenance of nitrogen equilibrium in
adults and achievement of satisfactory rates of growth in children were ac-
cepted as suitable end-points, but the way these might be achieved was
discussed in terms of both changes in body nitrogen content and changes in
protein and amino acid metabolism and turnover. Each of these two types of
response requires discussion.
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Changes in body composition

The growth potential of an individual in height and overall shape is likely to
be achieved through the regulation of bone growth (23). This is genetically
determined so that each individual follows a growth curve canalized in terms
of both extent and time course if conditions are favourable (24), subject, of
course, to optimal fetal programming to the extent that this influences post-
natal height growth. Clearly, favourable conditions include adequate nutri-
tion. Dietary protein plays a key role in this. It would appear that the growth
of skeletal muscle, the largest component of the lean body mass, is also
canalized, and arguments have been presented that for each genotype the
muscle mass phenotype is characterized by a maximum size achievable with
optimum nutrition and physical activity (23). In contrast, the sizes of many
other organs, especially those of the splanchnic bed, are variable, responding
to lifestyle factors that influence both energy expenditure and dietary com-
position, and that in turn regulate energy and protein intake. Thus, the protein
content of the liver, gastrointestinal tract, kidney, etc. varies in response to
functional demand and may increase with increasing dietary protein intakes
associated with both high-protein diets and increased food intake in general
associated with obesity, although there may be an upper limit (25). Muscle
mass may also increase with obesity. Thus defining an optimal body protein
content is difficult in relation to the entire lean body mass. Restricting such
a definition to optimal muscle mass may simplify the situation. Organ size is
now measurable, so that it should be possible to examine any change in organ
size in relation to a change in protein intake.

Labile protein reserves

One feature of the response to changes in protein intake is gains and losses
of body nitrogen, assumed to be protein and described as the labile protein
reserves. Should the size of these be considered as an endpoint in nutritional
evaluation? Although labile protein stores have been known and written about
from the earliest times they remain largely unexplained. Garlick, McNurlan
& Patlak (26), in reviewing a well-documented example of such losses of
protein following changes in protein intake from 3 g to 1 g protein/kg per day
(27), identified changes in the body urea and free amino acid pools in addition
to any changes in tissue protein, which are probably too small to be detected.
Since we know from animal studies that hepatic protein mass varies with
protein intake, it may well be that labile protein reserves include in part
changes in the size of those splanchnic organs which vary with functional
demand. Another approach to understanding labile protein reserves is to
identify them in metabolic terms, as changes in cellular protein which are a
consequence of a delay in the mechanisms involved in the adaptive regulation
of protein turnover, amino acid catabolism and nitrogen excretion to match
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protein intake and achieve nitrogen equilibrium. Such equilibrium can clearly
eventually be achieved over a wide range of intakes. Indeed many of the
studies documenting labile protein reserves are conducted within “normal”
ranges of protein intakes, when the “low” protein intakes are in fact above
previously accepted safe allowances, e.g. 1 g egg protein/kg per day (27).
Importantly this adaptation happens slowly in humans, requiring at least sev-
eral weeks. In studies of the obligatory nitrogen loss, subjects fed a protein-
free diet took between 10 and 17 days to achieve a constant low level of urea
nitrogen excretion (28). In studies involving diets in which protein intakes
were reduced from adequate to 0.35 g/kg per day, adult men took from 7 to
28 days to achieve nitrogen equilibrium (29). The subjects studied by Oddoye
& Margen (27) took from 16 to >40 days to achieve balance after the reduction
in intake from 3 to 1 g protein/kg per day.

It is unclear whether the protein gained during periods of increased protein
intake is retained, or whether the protein lost during periods of low protein
intake is regained if the treatments are continued, as there has been no sys-
tematic study of body composition of adults in relation to variation of protein
intakes within the normal range in well-fed societies. However, attempts to
increase muscle mass by increases in protein intake within the normal range
have generally failed. Thus Lemon et al. (30) fed protein at 2.62 g/kg per day
or 1.35 g/kg per day for 1 month during intensive weight training in a ran-
domized double-blind cross-over study, and found no difference in measured
strength (voluntary and electrically evoked) and muscle mass (density, cre-
atinine excretion, muscle area by CAT scan, and biceps nitrogen content).

It follows that there is no convincing reason why any consideration should
be given to a particular level of labile protein reserves in discussing body
protein content in relation to the protein requirement.

Protein turnover and amino acid recycling

Discussion of metabolic responses to intake is complicated by the need to
take account of the periodic nature of food intake and the consequent diurnal
nature of overall daily balance. Because there is net protein catabolism with
loss of tissue protein once the organism enters a post-absorptive state, during
subsequent feeding net protein deposition will be required to replace post-
absorptive losses, if overall balance is to be maintained. This periodic cycle
of nitrogen gains and losses means that acute measurements of protein or
amino acid metabolism relate in only an indirect way to the daily balance,
unless measurements are made during both fed and post-absorptive states.

The magnitude of daily protein turnover, an amino acid flux several-fold
greater than intake (37), requires reutilization of amino acids released
by protein breakdown for protein synthesis. There has been considerable



research into the way that changes in protein turnover and consequent recy-
cling of amino acids might influence dietary protein needs. However, there
is little evidence for, or indeed reason why, dietary protein requirements
should reflect protein turnover rates, since amino acids are recycled, except
those with post-translational modifications (e.g. the 3-methylation of histi-
dine). There is a general correlation between rates of protein turnover and
endogenous nitrogen losses, with rates of both processes changing in relation
to organism size and basal metabolic rate, most likely a reflection of the gen-
erally parallel metabolic changes in many cellular processes that make up the
basal metabolic rate and contribute to both protein turnover and the obligatory
nitrogen losses.

Very obvious responses of protein turnover to dietary inadequacies are seen
in growing animals, especially in skeletal muscle (37, 32). However, in hu-
man adults there is not a simple relationship between protein intake and
turnover that can be used as an indicator of dietary protein adequacy. Thus,
the response of protein synthesis and especially proteolysis to feeding and
fasting is sensitive to the level of protein intake (e.g. 33), as it must be, given
that the amount of post-absorptive protein loss and replacement with feeding
varies with protein intake (34). However, overall daily rates of protein
turnover change little with protein intake over a wide range (26, 33). Fur-
thermore, with malnutrition, and in relation to ageing, changes in protein
turnover are complicated by the changes in body composition. In malnour-
ished adults, whole-body protein turnover rates appear to be increased when
expressed per unit of lean body mass, probably because of the relatively
greater losses of muscle compared with tissues with more rapid turnover.
(35). Similarly, a lower proportion of skeletal muscle because of sarcopenia
may explain why average daily rates of protein turnover change little with
ageing (36), even though a fall in turnover of skeletal muscle protein with
ageing has been reported (e.g. 37). Thus, with protein turnover expressed per
kg body weight, reflecting the relative size of the fat-free mass and its com-
position, the extent to which reduced turnover in non-muscle tissues occurs
is difficult to identify (36).

Thus, whole-body measurements of protein synthesis have not proved to be
a sensitive metabolic indicator of adequacy of protein intake, or a proxy that
the requirement is being met. While the magnitude of net protein synthesis,
i.e. the difference between protein synthesis and degradation, does constitute
an important part of the metabolic demand for dietary protein, this appears
to adapt in a complex way to meal feeding patterns and protein quality (38).
Thus, the extent of net protein synthesis cannot be assumed to be a proxy for
an adequate requirement.
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Definition of requirement

On the basis that dietary protein requirements must provide for maintenance
and any special needs of growth, reproduction and lactation, the protein re-
quirement can be defined as: the lowest level of dietary protein intake that
will balance the losses of nitrogen from the body, and thus maintain the body
protein mass, in persons at energy balance with modest levels of physical
activity, plus, in children or in pregnant or lactating women, the needs as-
sociated with the deposition of tissues or the secretion of milk at rates
consistent with good health.

It is acknowledged that this definition of the requirement in terms of nitrogen
balance does not necessarily identify the optimal intake for health, which is
less quantifiable. It is assumed, however, that the body protein mass is main-
tained at a desirable level, as discussed in section 2.4.1 above. The impact on
health of intakes higher than the requirement defined above is discussed in
section 13.

Adaptive mechanisms

Adaptation to low intakes was briefly discussed in the 1985 FAO/WHO/UNU
report and has been often revisited (/, 17, 22, 39). However, there are difficult
issues involved and general agreement on the importance of adaptation has
yet to be reached. The prevailing view of the 1985 consultation (9) was that
for an individual adult, the requirement is genetically fixed over time, with
inter-individual but no intra-individual variability. In that report, the previous
safe allowance of 0.57 g/kg per day was increased to 0.75 g/kg per day, in
part because of adverse responses to an intake of 0.57 g/kg per day in long-
term nitrogen balance studies (40—42). An alternative view had been proposed
(43), which allowed for intra-individual variability (i.e. adaptation), with a
range of intakes within which protein homeostasis could be maintained, down
to an intake equivalent to the obligatory nitrogen losses (i.e. 0.36 g/kg per
day), based on a limited number of long-term nitrogen balance studies, some
of which were considered in preparing the 1985 report (29). Although sub-
jects in these studies ultimately achieved nitrogen balance, they lost weight,
so the data are difficult to interpret, and the idea of intra-individual variability
was not incorporated into the 1985 report. Indeed, since then, the derivation
of dietary allowances and calculation of risk of deficiency have assumed no
intra-individual variability (see section 3).

Since 1985, different views have emerged in relation to adaptation and these
have become important in both the interpretation of nitrogen balance studies
and in the design and interpretation of stable isotope studies. Some authors
take no account of adaptation in their experimental design, arguing that prior
adaptation is not needed (44). However, most authors accept that adaptation
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occurs to some extent. Indeed, in the context of defining protein and amino
acid requirements, Hegsted recently noted “healthy people must be consid-
ered to be ‘adapted’ to their current diet. If the requirement ... is to be defined,
the subjects must be allowed the time to adapt, otherwise one simply estimates
the nutrient supply in the current diet, which has little nutritional signifi-
cance” (45). Young has discussed the issue in relation to the extent and
timescale, firmly rejecting the idea of long-term adaptation to intakes much
below 0.6 g/kg per day, and proposing that “the limits of adaptation ... are
reached over a relatively short time frame” (46). This is consistent with the
incorporation of a 7-day adaptation period into studies of amino acid require-
ments by Young and co-workers. Others have argued that an understanding
of metabolic adaptation is central to both identification of requirements and
their use in relation to risk assessment and management (22, 47).

Adaptation of amino acid oxidation

Millward & Rivers (/8) introduced the concept of an adaptive component of
pathways of amino acid oxidation, which has been verified by "*C stable iso-
tope studies of the way the metabolic demand varies with habitual protein
intake (38), allowing an adaptive metabolic demands model of the protein
requirement to be proposed (22). The key feature of this model is that loss of
amino acids in other pathways (Figure 1) includes both an obligatory and an
adaptive component, with the additional adaptive metabolic demand repre-
senting amino acid oxidation at a rate varying with the habitual protein intake.
This adaptive metabolic demand is relatively insensitive to acute food or
protein intake, changing only slowly (over many weeks or longer) with a
sustained change in protein intake. The consequence of this for nitrogen
homeostasis is a diurnal cycle of fasting losses and fed-state gains of increas-
ing amplitude with increasing habitual intake. This has been demonstrated
with both 12-hour nitrogen balances and short-term [1-*C] leucine balances
in subjects fed a wide range of protein intakes (34, 48). Thus, the marked
losses of body nitrogen sustained during the transition from a high to a lower
intake (e.g. 27), previously identified as a loss of labile protein reserves, be-
come a consequence of the time taken to reduce or adapt this aspect of amino
acid oxidation rates. Because part of nitrogen excretion involves losses as-
sociated with this adaptive metabolic demand, the efficiency of protein
utilization is higher than that indicated by the traditional model. This is
evident when efficiency is measured as postprandial protein utilization, which
takes the adaptive component of the metabolic demand into account
(49-51).

The metabolic explanation of the adaptive metabolic demand is that, in order
to be able to rapidly dispose of dietary protein in excess of minimal needs
and maintain the very low tissue concentrations of the potentially toxic
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branched-chain, aromatic and sulfur amino acids, the capacity of the path-
ways of oxidative catabolism of these particular amino acids adapts to match
the habitual protein intakes. Although these pathways are to some extent reg-
ulated by feeding and fasting, this regulation is incomplete so that amino acid
oxidation continues to occur after dietary protein is disposed of, continuing
into the postabsorptive state.

To date there is limited experimental application of these principles involving
either [1-*C] leucine tracer balance studies with milk and wheat proteins in
normal subjects and in the elderly (22, 50, 51), or some '*N-studies with
intrinsically "N-labelled proteins which involve somewhat different model
assumptions (52).

Adaptation of urea metabolism: nitrogen metabolism in the lower gut

Jackson (see 1, 19, 53, 54) has shown with tracer studies in children and
adults, with '’N-labelled urea, that an important aspect of adaptation to protein
intake is a variable degree of urea salvage by bacterial hydrolysis in the gut,
with recycling of nitrogen into the amino acid pool. The conventional view
of urea salvage is that urea hydrolysis in the colon is minimally regulated or
unregulated (e.g. 52), and that nitrogen returns from the colon as ammonia.
However, emerging evidence points to a more complex regulatory system in
which urea can directly enter the colon, linking regulation of water balance
and urea balance. While it had been thought that the colon is not equipped
with sufficient amino acid transporters to allow the extensive retrieval of
bacterial amino acids from the colon, this is now thought to be incorrect
(55, 56).

The potential for the de novo synthesis of indispensable amino acids follow-
ing urea salvage is a possibility identified many years ago (57-59), with the
suggestion that the utilization of urea nitrogen in Papua New Guinea high-
landers could improve their nitrogen balance on low- and poor-quality protein
diets (60, 61). More recent work with pigs (62), human adults (63, 64) and
malnourished infants (65, 66) has clearly confirmed that lysine and other
amino acids derived from urea after intestinal microbial synthesis do appear
in the circulating pool.

Thus it is clear that in humans, urea salvage does occur to a variable extent,
with some of the salvaged nitrogen returned to the systemic pool as indispens-
able amino acids. Although the existing experimental database is small, the
suggested magnitude of the process could be nutritionally significant. Further-
more, this has important consequences for studies of amino acid and protein
requirements based on amino acid oxidation. Balance studies based on
leucine oxidation, for example, should generally be more negative than ex-
pected, unless account is taken of de novo synthesis. It is clear, therefore, that
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there is a need for a much better understanding of both the extent and regu-
lation of urea synthesis, and of nitrogen metabolism in the lower gut, so that
the quantitative importance of urea salvage can be incorporated into our
overall understanding of amino acid homeostasis.

Summary metabolic model

Clearly, there remains some uncertainty about many individual aspects of
amino acid, protein and nitrogen metabolism that together determine the
metabolic demands for protein in the human diet. However, there is sufficient
evidence to support the overall schematic representation of the metabolic
demands shown in Figure 3.

The metabolic demand for amino acids is to maintain tissue protein at ap-
propriate levels, to provide for all amino acid-derived metabolites, and any
additional needs during growth, pregnancy and lactation. This demand is
supplied from the free amino acid pool, the size of which, for most amino
acids, is regulated within narrow limits. Regulation involves supply from
three sources: dietary proteins after digestion and absorption from the upper
gastrointestinal tract; tissue protein after proteolysis during protein turnover;
and de novo formation, which may include amino acids and ammonia derived
from urea salvage, after hydrolysis and bacterial metabolism in the lower
gastrointestinal tract. Removal of free amino acids occurs by reactions in

Figure 3
Schematic representation of the metabolic demands for amino acids
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which they act as substrates, and these reactions are shown as three pathways,
one of which is the metabolic demand. This pathway involves a number of
irreversible pathways, including net protein synthesis and other irreversible
metabolic transformations of individual amino acids. The quantitatively
largest pathway is the removal for protein synthesis during protein turnover.
At nitrogen equilibrium, because turnover involves the reversible removal of
amino acids with replacement through proteolysis, it does not exert a net
metabolic demand (other than for those amino acids irreversibly modified
during or subsequent to protein synthesis). Finally, amino acids may also be
removed irreversibly by oxidation and nitrogen excretion provoked, for ex-
ample, by the transient increases in some or all free amino acids after a protein
meal. This would represent an inefficient utilization.

The metabolic demand for amino acids appears to involve obligatory and
adaptive components. The obligatory component for subjects at equilibrium
(i.e. maintenance) comprises conversion of some individual amino acids into
important metabolites that are further transformed into nitrogenous end-
products, mainly urea and other compounds in urine, faeces or sweat, as well
as net synthesis of proteins lost from the body as skin, hair and any other
secretions. The magnitude of the maintenance component is assumed empir-
ically to be equal to the sum of all nitrogen losses from the body observed on
aprotein-free diet, after losses have stabilized at a low level, i.e. the obligatory
nitrogen losses. Under these circumstances net tissue proteolysis is assumed
to provide for the non-protein components of the obligatory demand, at a rate
determined by the metabolic consumption of the rate-limiting amino acid (the
amino acid with the highest ratio of molar proportion in the metabolic demand
to molar proportion in protein). Because the obligatory metabolic demand is
for a mixture of amino acids with a profile that is unlikely to match that of
tissue protein, the actual nitrogen content of the metabolic demand is likely
to be less than that in tissue protein mobilized to meet such demands, i.e. less
than the obligatory nitrogen losses. This is because all amino acids mobilized
to provide for the metabolic demand must be oxidized and will contribute to
the nitrogen excretion, whereas only some of them will serve useful functions.
The evidence for this is the lowering of the obligatory nitrogen losses in
response to feeding selective amino acids such as methionine or threonine.
Any net protein synthesis associated with growth, pregnancy and lactation is
also included in the obligatory metabolic demand.

The adaptive component of the metabolic demand represents amino acid
oxidation at a rate varying with the habitual protein intake, which occurs as
a result of the increasing activities of the pathways of oxidation of amino
acids that regulate free amino acid pool sizes. The reason for this is that hu-
mans grow very slowly, or maintain constant weight on diets that contain
protein considerably in excess of minimum needs. Thus, in order to be able
to rapidly dispose of excess protein and maintain the very low tissue



concentrations of those amino acids, such as the branched-chain, aromatic
and sulfur amino acids, that may be toxic at higher concentrations, pathways
of oxidative amino acid catabolism adapt (increase their V/'max) enabling
them to operate at the appropriate rate set by habitual protein intakes. Im-
portantly, the adapted rate, characteristic of habitual intake, changes only
slowly in response either to a change in the level of dietary protein intake or
to feeding and fasting. This has two main consequences. First, when intake
falls below its habitual level, mobilization of tissue protein occurs, with a
negative nitrogen balance for as long as it takes to adapt to the lower level of
intake. This was previously identified as the labile protein reserve. The adap-
tive demand model of Millward & Rivers (/8) assumes that for intakes greater
than the minimum requirement, full adaptation to the new level will include
not only a change in the adaptive metabolic demand to match intake, but also
repletion of most tissue nitrogen lost during the adaptive transition. However,
there is no experimental evidence to support this hypothesis, and failure to
replete body protein must otherwise be regarded as disadvantageous. Second,
because the adaptive rate of amino acid oxidation continues to some extent
into the postabsorptive state, there are varying postabsorptive losses of tissue
protein and nitrogen excretion with varying habitual intake. Because of this
the adaptive metabolic demand model includes a component of net protein
synthesis which replaces postabsorptive losses. The magnitude of this varies
in a complex way with meal eating pattern, and with the amount and quality
(amino acid score) of the habitual protein intake.

Although amino acid oxidation and urea synthesis are assumed to be irre-
versible, in fact this is not entirely true because of urea salvage. Thus the rate
of urea synthesis is usually in excess of the rate of urea excretion, because
some urea enters the lower gastrointestinal tract and is hydrolysed by bacteria.
Most of this nitrogen is utilized by bacteria and, since little is lost as faecal
nitrogen, it is eventually returned to the systemic pool as ammonia and amino
acids, including indispensable amino acids. Although the extent and nature
of'this salvaged urea nitrogen is poorly understood, it may provide nutrition-
ally important amounts of amino acids.

The dietary requirement for protein will be the minimum intake which sat-
isfies metabolic demands and which maintains appropriate body composition
and growth rates, after taking into account any inefficiency of digestion
and of metabolic consumption. To satisfy the metabolic demand, the dietary
protein must contain adequate and digestible amounts of nutritionally indis-
pensable amino acids (histidine, isoleucine, leucine, lysine, methionine,
phenylalanine, threonine, tryptophan and valine), and amino acids that can
become indispensable under specific physiological or pathological condi-
tions (conditionally indispensable: e.g. cysteine, tyrosine, taurine, glycine,
arginine, glutamine and proline), plus sufficient total amino acid nitrogen,
which can be supplied from any of the above amino acids, from dispensable
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amino acids (aspartic acid, asparagine, glutamic acid, alanine and serine) or
from other sources of non-essential nitrogen. Minimum metabolic demands
and consequent protein requirements will occur when the adaptive compo-
nent has fallen to the lowest possible level. While it is not known with any
certainty how long such adaptation would take, it may well be longer than
the periods employed in short-term balance studies. This implies that short-
term balance estimates of the minimum protein requirement may overesti-
mate the value; and some of the variability in protein requirements between
studies may reflect variable completeness of adaptation to the test diets.
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3.1

3. Statistical concepts and procedures
involved in deriving
recommendations for protein and
amino acid requirements

The objective was to determine the dietary requirements for protein and
amino acids for individuals and groups of individuals, or populations. The
dietary requirements for protein and amino acids can then be expressed as
reference intakes, which can be used as the basis for making dietary recom-
mendations for groups of individuals or populations. The following points
were considered to be fundamental.

¢ Dietary requirements for protein and amino acids are characteristics of an
individual.

¢ Individual dietary requirements for protein and amino acids within a pop-
ulation can be characterized as a probability distribution.

e The status of a population in terms of dietary adequacy for protein and
amino acids is estimated by comparing the distribution of its intakes with
the distribution of its requirements.

e The distinction between an adequate or inadequate intake and the health
or ill-health of a population and the societal problems that may follow from
inadequacy is important in the application of reference requirements as the
basis for recommendations. Using the terminology of Codex (/), inade-
quate intake is a hazard, while ill-health and societal problems are risks.
Since the consequences of inadequacy of protein, and especially of amino
acids, for ill-health are poorly understood, and not usually part of the
methodology for assessing requirements, the risk resulting from the hazard
of various degrees of inadequate intake is difficult to assess.

Overview

Estimating protein and amino acid requirements presents two major prob-
lems. One is that individuals vary in their demand for, and utilization of, these
nutrients provided by foods. The other is that unequivocal indicators of the
dietary inadequacy of protein and amino acids can rarely be identified, until
gross dysfunction has developed. A large amount of data has been accumu-
lated relating to various aspects of these phenomena. Since the 1985 report
(2), additional and different forms of data have been gathered and a better
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understanding of the fundamental phenomena has evolved. This has made
possible a more unified and comprehensive examination of new and existing
data, a more complete description of requirements, and a broader range of
potential uses. Of necessity this whole procedure involves complex statistical
methodologies that have been developed for exploring highly variable bio-
logical phenomena. This section discusses those statistical concepts and
methods that are relevant to this report.

Estimating the protein and amino acid requirements for individuals ideally
proceeds in four stages: gathering relevant data; estimating requirements of
individuals; exploring whether individual requirements vary with anthropo-
metric or demographic differences; and estimating and describing the distri-
bution of these requirements. These steps are outlined below (section 3.2).
After this, suitable intakes for individuals and populations need to be identi-
fied, so that dietary recommendations for individuals and populations can
be developed. Because dietary recommendations can be used for different
purposes, such as to estimate the adequacy of dietary patterns of populations,
to plan feeding programmes or to develop food labelling, the last stage needs
to be considered with particular care.

Phases of requirement estimation

Gathering and screening the data

Any statistical procedure requires that the data should accurately reflect the
phenomena of interest. This dictates that the first, and perhaps most impor-
tant, step in estimating nutrient requirements is preparation of the database:
finding, collecting, standardizing, and screening those data that are relevant.
Data on different aspects of dietary consumption of proteins and amino acids
and their metabolism have been generated in different laboratories around the
world at different times, using differing methods and for different purposes.
In some cases, especially for amino acids, there are varying views about the
strengths and weaknesses of particular approaches. However, for protein,
there is an agreed method for determining the adult requirement, which is
the short-term, multipoint nitrogen balance method. It is important that the
assemblage of data, initially and throughout the process, be screened for
inconsistencies and incompatibilities. This process of data review and selec-
tion, and the identification of data points that are outliers, is only partly a
statistical task. This Consultation adopted a conservative approach, which
accepted that data should be included unless there were compelling biological
or experimental reasons for removing specific points from the database, and
that inclusion or exclusion influenced the results. Thus, while specific sta-
tistical tests do exist for the detection of anomalous data (3), the general
approach taken was to examine the data graphically and identify influential
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points, and then both examine their source and run analyses with and without
the putative influential points (4).

Estimating the requirements of individuals

As for any other nutrient, the requirement for protein is assumed to be an
individual characteristic. The population distribution has been estimated
directly from estimates of individual requirements, as far as is possible rec-
ognizing that somewhat arbitrary decisions need to be made about the nature
of the variability associated with reported measurements. For the purpose of
this report, the protein requirement of an individual is defined as the minimum
intake that enables nitrogen equilibrium (zero nitrogen balance), so that the
results analysed were based primarily on those studies that measured nitrogen
balance in an individual at several different levels of protein intake. For each
individual, the level of protein intake that would enable zero nitrogen balance
was interpolated (using linear regression), and that level of intake was defined
as the maintenance protein requirement for that person. For infants and chil-
dren, and for pregnant and lactating women, the above procedures aimed at
identifying a maintenance requirement were combined with further analyses
of body composition changes and growth rates, and with estimates of the
magnitude of the products of conception and lactation rates, to estimate the
additional requirements for dietary protein that would enable an acceptable
rate and pattern of net tissue deposition or milk production.

For the amino acids, the methodological diversity of the experimental data
often precludes aggregation, making statistical analysis difficult. Further-
more, for studies in which nitrogen balance or stable isotope tracer balance
has been determined, the results are generally not sufficient to estimate in-
dividual requirements, and an estimate of the average requirement for the
group under study was obtained by various regression techniques.

Where possible, the estimates of requirements were compared with intakes
which have been shown to maintain satisfactory growth in infants, e.g. breast
milk, or weight maintenance in adults, as a proxy for validation. These spe-
cific procedures are detailed in the individual results sections.

Examining influential factors

The database of adult protein requirements was examined to determine
whether individual requirements differed by age, sex, and diet, by analysing
homogeneous subgroups of the data. The data could not be assumed to fol-
low a normal distribution, nor be easily transformed to normality, and
therefore non-parametric analogues of analysis of variance (ANOVA) were
used for the statistical analyses. Typically these methods use only the relative
rankings of the data and in general they are less powerful than parametric
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methods, requiring more data to establish significance of differences,
although for larger sample sizes they approach these methods in efficiency.
The methods used included the Mann-Whitney (non-parametric two-sample
t-test) and the Kruskal-Wallis test (the non-parametric one-way ANOVA)
(see reference 5 and Annex for details of the development and application of
these tests). As discussed in section 7, for some variables (e.g. age) the data
were limited. In general, not enough data existed to explore the effects of
these variables for amino acid requirements.

Estimating the distribution of requirements within a population

Given a set of data that estimate the requirements of a representative sample
of the population of interest, the next step was to characterize that distribu-
tion (6) and estimate its parameters (4).

For the adult protein requirement, enough data were available to explore
alternatives to the normal distribution. Graphical and analytical techniques
were used to determine that protein requirements followed a log normal
distribution, and thus the distribution could be summarized by a mean value
of the logs of individual requirements and the variability between individuals.
Estimation of the mean value is the straightforward average. However, the
observed variability between individuals is inflated by the variability (lack
of reproducibility) of the individual data. Analysis of variance was used
to partition the observed variability and derive an estimate of between-
individual variability (7). These two parameter estimates completely charac-
terize the population distribution of protein requirements.

For amino acid requirements there are generally insufficient unequivocal data
to identify the extent or nature of the population distribution of the require-
ment. Thus, judgments were made about “best estimate” values from reported
mean values and no estimates of variability were derived (techniques that
were used are detailed in references 4 and 6).

Based upon the data available for normal adult humans, protein requirement
has a log normal distribution (7), as shown in Figure 4. This distribution
has a median of 4.654, equivalent to 105 mg nitrogen/kg per day or 0.656 g
protein/kg per day. The 97.5th percentile was calculated as the log median
plus 1.96 times the SD (standard deviation) of 0.12 in log units i.e. 4.8892.
Exponentiation of this value gave 133 mg nitrogen/kg per day or 0.83 g
protein/kg per day as the estimate of the 97.5th percentile.

In (requirement) ~ normal (mean = 4.654, SD = 0.12).



Figure 4
Distribution of the adult protein requirement
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Reference requirements and intakes

As discussed in the 1985 report (2), the many applications of estimates of the
average requirement value and its distribution within a population can be
grouped into two main categories. In diagnostic applications, the estimates
are used to judge the probable adequacy or inadequacy of observed intakes.
In prescriptive applications, the estimates are used to suggest what intakes
should be. How the requirement estimates are used within diagnostic or pre-
scriptive applications may vary, especially when dealing with individuals as
compared with populations, and in what follows these two circumstances are
discussed separately.

Reference intakes and risk of dietary inadequacy for individuals

If information is available about an individual’s usual intake of utilizable
protein per kg of body weight, the interpretation and application of require-
ment estimates are relatively straightforward. The probability that consump-
tion of protein at a specific level will meet the requirement of an individual
can be identified simply as the area under the requirement distribution curve
below a value equivalent to that level of consumption. This can be calculated
using the standard formula for the cumulative unit normal distribution, i.e.
®(z) = the area under the unit normal distribution to the left of z, where z is
the number of standard deviations above (positive values) or below (negative
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values) the mean. @ can be calculated directly from z, either by the
NORMDIST function in Microsoft Excel, or by NORMDIST (x, mean, stan-
dard deviation, 1), where x is the intake level ().

Thus for an individual with intake level Q, the probability of dietary adequacy
(i.e. positive nitrogen balance) = ®(InQ — 4.654)/0.12. For example, for an
individual with an intake of 85 mg nitrogen/kg per day the probability that
this protein intake is adequate is ®(4.443 — 4.654)/0.12 = ®(1.76) = 0.039 =
approximately 4%.

Moreover, the level of intake necessary to ensure any specific probability of
adequacy can be calculated by the reverse procedure. Thus the level of intake
that would virtually ensure (with 99% probability) that an individual was
receiving adequate protein nutrition is simply the requirement level that cor-
responds to the 99th percentile on the normal curve, which is 2.326 standard
deviations above the mean: 99th percentile = 139 mg nitrogen/kg per day =
exp(4.654 + 2.326*0.12). It should be noted, as discussed below, that the
probability that a specific level of intake will meet the protein needs of an
individual will be equivalent to the probability that it will meet the needs of
a population only in the particular and unlikely circumstances that all within
the population are provided with that level of intake.

By this method, Table 1 gives the certainty of adequacy associated with
selected intake levels.

For the purpose of prescription, levels of intake that carry varying degrees of
confidence that they are adequate for the random individual can be recom-
mended. As with the previous report (2), the safe level of intake is defined

Table 1
Probability of adequacy for an individual consuming various protein intakes

Intake level (mg nitrogen/kg per day) SD units from the mean Probability (%)

72 3.21 0.1
79 2.42 1.0
83 2.00 2.5
86 1.70 5.0
90 1.31 10.0
97 0.67 25.0
105 0.00 50.0
114 0.70 75.0
122 1.28 90.0
128 1.68 95.0
133 2.01 97.5
139 2.39 99.0
152 3.15 CELS
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on the basis of a probability of adequacy of 0.975 (i.e. adequate for all but
2.5% of individuals). On this basis, for individuals the term safe intake
level can be defined as: level of intake that is sufficient for 97.5% of the
population = exp(4.654 + 0.12*1.96) = 133 mg nitrogen/kg per day (0.83 g
protein/kg per day). Supplying this level to an individual will ensure an
acceptably low level of risk (2.5%) that their needs will not be met, and con-
versely a high degree of probability that they will receive more than their
requirement. However, the term safe intake also includes the concept that
there is no risk to individuals from excess protein intakes up to levels con-
siderably above the safe intake (see section 10). Indeed, many populations
have habitual intakes of protein considerably in excess of this safe intake
level. This is in contrast to considerations of energy requirements, where
providing and consuming an excess of energy would be judged detrimental
(see 9).

Reference intakes and risk of dietary inadequacy for a population

Judging the adequacy of intakes and, especially, defining appropriate refer-
ence values are much more difficult when dealing with populations rather
than individuals, for the simple reason that neither the intake nor the require-
ment is known for individuals within the population. Thus account must be
taken of the distribution and variability of both the requirement and the intake.
This has not been sufficiently understood in the past, and reference intake or
safe intake levels defined as above for individuals have been incorrectly ap-
plied to populations. In fact, as discussed below, a safe population intake,
which is appropriate for any population, can be defined only in terms of a
relatively complex function of the characteristics of the distributions of re-
quirements and intakes, and this is true even after taking into account
difficulties related to identifying appropriate intakes (e.g. under-reporting,
and ensuring that intakes are expressed in the same way in relation to
bioavailability, as requirements), as discussed in the 1985 report (2). Fur-
thermore, the practically useful measure is the average requirement, where
“average” is used synonymously with median or mean, in the present case
0.66 g protein/kg per day (i.e. exp(4.654) = 105 mg nitrogen/kg per day). In
fact, as discussed below, with certain assumptions, the percentage of a pop-
ulation that is consuming less than this intake level approximates to the
percentage of the population with inadequate intakes.

Assessing the prevalence of nutrient inadequacy in a specific population re-
quires a comparison of the intakes of the population with their requirements
(10—12). This comparison is shown in Figure 5, a plot of a hypothetical pop-
ulation in terms of individual intakes (the x-axis) versus individual require-
ments (y-axis). Here it is assumed that there is no correlation between intake
and requirement. The prevalence of individuals with intake less than their
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Figure 5
Comparison of individual requirements in a hypothetical population®
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2 The diagonal line is the line of equality dividing individuals in deficit (intake < requirement) from those
in surfeit (intake > requirement). The number of individuals to the left of the vertical line (intake = mean
requirement) approximates to the number above the diagonal to the extent that the number of
individuals in the triangle identified as A equals those in the triangle identified as B.
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requirement is just those who lie above the diagonal line of equal intake and
requirement.

In practice, we cannot determine the intakes and requirements of the mem-
bers of any specific population simultaneously. However, given the distri-
butions of both requirements and intakes for the population of interest,
we can derive the distribution of how much each individual is consuming
above or below his or her requirement, i.e. the individual nutrient deficit (see
Figure 6). The distribution of this deficit (intake less requirement) is the con-
volution of the two individual distributions, and this distribution can be
estimated, either theoretically or through simulation.

In the case of the protein requirement, both of these distributions are log
normal and their joint distribution is bivariate normal. In this case the distri-
bution of protein deficit is especially simple, since the difference between
two normally distributed variables is itself normally distributed (see Box 1).
The fraction of individuals who are consuming below their requirement, i.e.
those with negative deficits, can be easily calculated using the unit normal
distribution ®(z), as defined above.



Figure 6
Distribution of individual nutrient deficit for the hypothetical population illustrated in
Figure 52

Intake < requirement

Prevalence
of deficit

1 1 1 1 1 1
Negative values 0 Positive values
Deficit = intake — requirement

Intake > requirement

@ The proportion of the population in deficit (intake < requirement) is represented by the area under the
curve to the left of the zero deficit vertical line.

In this case, we need to know the prevalence of individuals with protein
intakes less than their requirement (i.e. with a deficit < 0). The zero or nega-
tive deficit values can be expressed in terms of the number of SD values
below the mean, i.e. -Mp/S;, so that the prevalence of deficit becomes:
DO(-Mp/Sp) = D(—(Mg—M,)/Sp). The value of Sy, is calculated from SD values
for requirement and intakes, as shown in Box 1.

Inspection of the simulation in Figure 5 shows that the proportion of subjects
in deficit (above the line of equality) may approximate to the proportion of
subjects with an intake less than their average requirement (to the left of
the vertical line). In other words, the number of subjects within the triangle
A is similar to that in the triangle B. This similarity has been used in the
past to calculate an approximate value of prevalence of deficit (the cut-
point method). Thus, in this case deficit prevalence is the area under the
intake curve that lies below an intake level equivalent to the average require-
ment, i.e.

deficit prevalence = ®(—(Mr—M)/S)).

This approximation will converge with the correct value as Sy, approaches
S,, or, in the absence of correlation, when S, is much larger than S;. In fact,
at values of S, that are 2.2 x S; or greater, S, will be 90% or more of the value
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of Sy, It should be noted that this formulation is appropriate only when the
requirement and intake distributions are either normal or can be transformed
to normality.

As an illustration of this procedure, consider estimating the prevalence of
protein undernutrition in a well-fed population, for example one with a log
normal intake distribution with mean intake equal to the estimated safe
level and variability similar to that of requirement. Explicitly for the popu-
lation, the log of intake has a normal distribution with mean M, = 4.894 and
standard deviation S; = 0.12, to be compared with requirement, which has a
log normal distribution with My = 4.654 and standard deviation Sy = 0.12.
Using the above formulae (and assuming that intake and requirement, both
expressed on a per kg body weight basis, are not correlated) the distribution
of the protein deficit is log normally distributed with mean M, = M, — M =
0.24, and S, = V(0.122 + 0.122) = 0.17. The prevalence of protein undernu-
trition is the area under this distribution for deficit less than zero, which is
calculated as the cumulative unit normal less than My/S,, O(—M/Sp) = ©
(—1.414) = 7.9%. Table 2 shows the prevalence for several different hypo-
thetical populations. As would be expected from the arguments above, the
cut-point method gives prevalence estimates for protein undernutrition that
are closest to the actual prevalence values when S, is larger than S;.

Box 1 Distribution of protein deficit

If log(requirement) is normally distributed

with mean My and standard deviation Sy
and log(intake) is normally distributed

with mean M, and standard deviation S,
with correlation = R,

then log(deficit) = log(intake) — log(requirement) is normally distributed
with mean: My = M, — Mg and
standard deviation: S, = square root of (52 + Sg2—2 R S,Sg).

It is clear from the last column in Table 2 that for a population, an average
intake equal to the safe intake as described above (mean requirement +
1.96SD) is associated with varying degrees of risk according to the rela-
tive variability of requirements and intakes. This is shown graphically in
Figure 7, where actual safe population intakes are calculated in terms of
numbers of SD values for both requirements and intakes above the mean
requirement. It is evident that, in order for the safe individual intake to be
also a safe population intake, the variability in intakes must be less than half



Table 2
Prevalence (percentage) of individuals estimated to be consuming protein below

their

requirement, for hypothetical populations with differing intake distributions

Median intake
(Cut-point estimates are shown in parentheses. Zero
correlation between intake and requirement is assumed.)

SD of intake (log M, =10g(0.58 g M, =10g(0.74 g M, =10g(0.83 g

units) protein/kg per day)  protein/kg per day)  protein/kg per day)
(1 SD below (1 SD above (1.96 SD above
requirement) requirement) requirement)

S,=0.06 i.e. half the 81.4% 18.6% 3.7%

SD of requirement (98%) (2.3%) (<0.1%)

S,=0.12i.e. equal to 76.0% 24.0% 7.9%

the SD of (84%) (16%) (2.3%)

requirement

S, =0.24i.e.1.96SD 67.5% 32.5% 18.2%

of requirement (69.5%) (30.5%) (15.4%)

3.4

that of the requirement, a highly unlikely situation. Furthermore, in the more
likely circumstances where the SD of the intake is greater than the SD of the
requirement, the safe level will approximate to an intake that is somewhat
greater than the requirement plus 2 SD of intake.

The cost of protein deficiency

The above discussion has focused on assessing the extent to which an indi-
vidual or population is able to meet its requirements, i.e. estimating the
fraction of a population that is consuming less than their requirement. Thus
the examination of the distribution of protein inadequacy (deficit) permits the
calculation of the prevalence of any specific level of inadequacy in a popu-
lation for which the intake distribution is known. However, this approach
does not differentiate the sequelae of different degrees of undernutrition,
essentially equating all levels of inadequacy from mild to severe.

Asrecently pointed out by Rand (/2), while the protein requirement is defined
in terms of achieving and maintaining balance, the planner needs better defi-
nitions of the response in terms of health outcomes, so that deficits and surfeits
of intake can be translated into well-defined health risks (or societal costs),
with the deficit distribution — the amount of inadequacy of different levels of
protein intake — linked to the clinical or societal cost associated with such
inadequacy. This would require a dose-response function relating levels of
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Figure 7
Prevalence of individuals estimated to be consuming protein below their requirement

for populations with average intakes at the safe individual intake but with different
intake variability?
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46

deficit to its cost, either a continuous function of deficit or a step function,
allowing the cost of mild or severe deficiency to be defined by different de-
scriptors of severity. Clearly, such a cost function would be of great value,
allowing the consequences of a specific degree of protein deficit for a popu-
lation to be calculated in health terms: i.e. the average of deficit weighted by
the cost function (the integral of the cost times the deficit over the whole range
of intakes). However, cost functions for protein deficiency in the adult popu-
lation have yet to be identified. In practice, this will be a most difficult task,
if possible at all, given that many important nutrients are “fellow travellers”

with protein in the diet.

Thus, protein-deficient diets are almost certain to be generally nutrient-poor
diets, deficient to varying degrees in a range of other nutrients, and also often
associated with other environmental factors that can adversely influence
health. For the elderly, the population group with the highest protein:energy
ratio of their requirement, and therefore most vulnerable to protein deficient
diets (see sections 5 and 9.1), potentially adverse health outcomes of protein



deficiency (e.g. poor bone health, see section 11) are certainly multifactorial
diseases. In the case of young children, the population group traditionally
believed to be the most vulnerable, deficiency syndromes that have been as-
sociated in the past with protein deficiency, namely stunting and kwashiorkor,
are now believed to reflect quite complex interactions between multiple nu-
tritional deficiencies and other adverse environmental factors, including
infection. For these reasons it is highly unlikely that cost functions unique to
protein deficiency will be defined.

References

1.

Application of risk analysis to food standards issues. Report of the Joint FAO/
WHO Expert Consultation, Geneva, Switzerland, 13—17 March 1995. Geneva,
World Health Organization, 1995.

Energy and protein requirements. Report of a Joint FAO/WHO/UNU Expert
Consultation. Geneva, World Health Organization, 1985 (WHO Technical
Report Series, No. 724).

3. Hawkins DM. /dentification of outliers. London, Chapman & Hall, 1980.
4. Ramsey FL, Schafer DW. The statistical sleuth, 2nd ed. Pacific Grove, CA,

10.

11.

12.

Duxbury, 2002.
Conover WJ. Practical nonparametric statistics, 3rd ed. New York, Wiley, 1999.

Jo