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What are we measuring?

In studies aimed at identifying protein and amino acid
requirements a clear definition of objectives is important
(Fereday et al. 1997; Millward et al. 1997). I define
metabolic demands as what the organism needs, i.e. for
maintenance plus additional needs for growth, pregnancy
and lactation, efficiency of utilisation as the relationship
between dietary intake and satisfaction of metabolic
demands, and requirement as metabolic demands divided by
efficiency of utilisation. We can measure requirement
directly or calculate it after measuring metabolic demands
and efficiency of utilisation.

How can we do it?

In terms of nutritional design, two types of studies are done.
Experimental studies with proteins enable measurements

of protein requirements and protein quality (Food and
Agriculture Organization/World Health Organization/
United Nations University, 1985; Millward et al. 1989) to be
made, which in turn enable (at least to some extent) amino
acid requirements to be identified if the limiting amino acid
is known (Millward et al. 2000a). The advantage of such
studies is that protein and amino acid requirement values are
used mainly to formulate food-protein-based diets so that
such studies are most relevant. Indeed, it is important to
recognise that information about requirements already exists
in terms of our understanding of what individuals eat, i.e.
the relationship between growth, maintenance, body
composition, morbidity and mortality, and intake. Thus,
requirements can be defined as intakes which maintain
function.

The disadvantage of studies which only focus on protein-
quality evaluation is that numerical values for requirements
of amino acids can only be obtained for a few indisputably-
limiting amino acids. Thus the second type of design
involves experimental studies with amino acid mixtures
which enable requirement values to be identified for all
amino acids (Hegsted, 1963; Food and Agriculture

Organization/World Health Organization, 1973; Meredith
et al. 1986; Zello et al. 1992, 1995; El Khoury et al. 1994;
Millward et al. 2000a). However such studies do raise the
question as to whether utilisation efficiency is the same as
that for whole protein (Collin-Vidal et al. 1994).

In terms of experimental design most studies involve
measurements of either N losses (Food and Agriculture
Organization/World Health Organization/United Nations
University, 1985) or tracer-labelled-amino acid oxidation
rates. The most useful studies are those which involve 13C,
enabling 13CO2 excretion to be measured (Meredith et al.
1986; Young et al. 1987; Zello et al. 1992, 1995;
Collin-Vidal et al. 1994; El Khoury et al. 1994; Fereday
et al. 1997; Millward et al. 2000a). These studies permit
factorial assessment of metabolic demands, efficiency of
utilisation and requirement (Millward & Pacy, 1995;
Fereday et al. 1997; Millward et al. 2000a), indirect
assessment of requirement (Zello et al. 1992, 1995) or direct
assessment of requirement in balance studies (Food and
Agriculture Organization/World Health Organization/
United Nations Organization, 1985; Meredith et al. 1986;
El-Khoury et al. 1994). In addition, metabolic or functional
responses in terms of plasma amino acids (Meredith et al.
1986), protein turnover (Collin-Vidal et al. 1994), or urea
salvage (Badaloo et al. 1999), are also incorporated into
such studies in an attempt to provide metabolic support for
the physiological relevance of balance data. To date these
latter measurements have been of limited use, and even
plasma amino acid responses are not entirely unequivocal
(Millward, 1999).

Finally, there have been attempts to predict requirement
patterns from the composition of human tissues (Young
et al. 1989; Young & El Khoury, 1995), but the legitimacy
of this approach is debatable (Millward, 1990, 1994, 1997,
1998).

Limitations of nitrogen and 13C balance studies

The main limitations are described in Table 1 and Table 2.
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General observations

Clearly there is a great deal we have to learn about the
metabolism of amino acids, especially given the growing
evidence for de novo synthesis of indispensable amino acids
in nutritionally-significant amounts (Millward et al. 2000b).
However, in my view progress will be more rapid if
experimental studies build on rather than reject all existing
knowledge, including the early N balance studies. Such
knowledge is invaluable as a test of experimental data,
which are often produced in very complex studies which
few understand (Millward, 1999).

Protein requirements: Protein quality: Amino acid requirements: Balance studies
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Table 1. Potential problems relating to nitrogen balance
 methodology (for a detailed review, see Millward, 1998)

Problem Reference

1. Imprecise
2. Systematic errors:

Intake overestimated, loss 
underestimated
Accounting for all losses

(a) Skin surface and secretions
(b) Loss of N2 gas
(c) Expired ammonia
(d) Endogenous NO production 

gives urinary nitrate, faecal 
ammonia and nitrite

(e) Changing size of the body 
urea pool

3. Non-linearity of the balance
curve

4. Design
(a) Accounting for adaptation

(b) Dietary energy

(c) Amino acid mixtures v. 
proteins

5. Conceptual limitation
(a) Functional significance of 

balance
(b) Adaptation (benign) or 

accommodation (adverse)

Wallace (1959), Forbes (1973)

Hegsted (1963)

Calloway et al. (1971), Millward 
& Roberts (1996)

Millward & Roberts (1996)
Costa et al. (1968)
Calloway et al. (1971)
Kurzer & Calloway (1981)

Price et al. (1994)

Millward & Roberts (1996)

Young (1986), Millward & Rivers 
(1988), Millward et al. (1990), 
Millward (1998)

Young (1986), Pellett & Young 
(1992)

Collin-Vidal et al. (1994)

Fuller & Garlick (1994)

Young (1986),
Young et al. (1987)

Table 2. Potential problems with 13C isotopic measurements of
amino acid oxidation rates and balance (for detailed reviews, see

Millward, 1993, 1998)

1. Practical problems which are potentially soluble
(a) Need for subject restriction and only short periods of study 

possible
(b) The extent of isotope retention as bicarbonate
(c) Measurement of CO2 production rates
(d) Variation in background tracer enrichment
(e) Quantitative excretion of labelled C as CO2

(f) Oxidation rates as a tracer for overall N excretion influenced by 
mismatch of food and body tissue amino acid composition

(g) Underestimation of losses due to non-CO2 routes
(h) Excessive positive balances in some studies

2. Model problems which are less tractable and possibly insoluble
(i) Amount of ‘tracer’ excessive, and may influence balance
(j) True precursor amino acid enrichment compared with 

measured value
(k) Relationship between indirect measure of adequacy, e.g. 

postprandial oxidation rate, and overall balance unknown
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